
@A!! Space Division 
North Arner~can Rockwell 

FINAL, REPORT 

STUDY O F  THE PRODUCTION O F  UNIQUE NEW GLASSES 

P r e p a r e d  for :  

National Aeronautics and Space Administration 
George C. Mar shall  Space Flight Center  

5 
Mar shall  Space Flight Center ,  Alabama G 

u? - -  

P r e p a r e d  by: 

Contract  NAS8-28014 cz? 
F 

Space Division, North American Rockwell Corporation \. F 

Downey, California t3 

a 
r 

zi* - 
Approved by: 0,". 

s " - S  . V 

r .  3 
. , . m i  CI 4J Q ,, ,. 0 u g i -, 

* C  r W 0 " p" 
Ralph A. Happe, Pr inc ipa l  Investigator 

R. P. Olsen, AManager - Mater ia ls  and 

Contributor s: 

P S  
L. Topol (NR Science Center)  n m q  

C.D. Roaen (NR Space Division) N = $ o ~  F 
( W O r  

W. H. Auguetyr! and E. L. Alte (Perk in-Elmer  Corp. ) D * "oo- ;, 
1 
4 %  gg zP  0. 

13 June 1772 % @ d m  u c S P  
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INTRODUCTION AND SUMMARY - 

The cornbinatim of circumstances a t tending  melting i n  space presents  the  

poss ib i l i ty  of making g lasses  from substacces which t o  da te  have been observed 

only i n  the  c r y s t a l l i n e  condition.  The absence of a need f o r  a s o l i d  container  

during the  melting and superheating portion of  the  manufacturing cycle permits 

contamination- f r e e  melting, the  only contact  of  the  melt w i t h  i t s  surroundings 

being a gaseous atmosphere or ,  i f  s o  d e ~ i r e d ,  a vacuum. Thus it i s  possible  t o  

melt without contamination many high melting point  mater ia l s  t h a t  heretofom 

could not  be successftdly melted because of reoction with the  melting cruc ib le  

mater ial .  This advantage alone might permit the  preparation of  new substances as 

glasses  i f  their v i scos i ty  i s  s u f f i c i e n t l y  high t o  supress c r y s t a l  growth on 

cooling. In  addition,  space melting permits cooling without requir ing the  use 

of a s o l i d  mold. Thus, many of the  usua l  c r y s t a l  nucleation s i t e s  are eliminated. 

Unless a given mater ia l  can spontaneously nucleate on cooling, and t h i e  requires  

t h a t  a nucleation energy b a r r i e r  be sumoun+,ed, super-cooling below the  normal 

melting point w i l l  occur. If a s u f f i c i e n t  amaunt of supercooling i s  obtained 

( i . e . ,  below t h e  g lass  t r a n s i t i o n  temperature), c r y s t a l l i z a t i o n  w i l l  be avoided 

ent i re ly ,  and g lass  w i l l  r e s u l t .  The concept of glassmaking i n  space i s  

pa r t i cu la r ly  in t r igu ing  f o r  t h e  fo l loving  reasons: 

1. There is a s t rong p o s s i b i l i t y  t h a t  high melting oxides such a s  

h203 ,  Nb205, A1203, Y203, and some of the  rare  e a r t h  oxides 

can be prepared as g lasses  i n  caumercially usefbl  s ized 

spher ica l  boules through space melting and cooling. 

2 .  Glasses produced from such oxides o r  combinations of them with 

o ther  oxide addi t ions should have o p t i c a l  proper t ies  not 

obtainable i n  the  conventional s i l i c a t e ,  borate,  and phosphate- 

based glasses .  



3. The combination of o p t i c a l  proper t ies  projected f o r  such glasses  

shmild make them su i t ab le  f o r  use i n  advanced o p t i c a l  systems. 

4. The spher ica l  shape of g las s  baules t h a t  would r e s n l t  na tura l ly  

f r o m  space production i s  qu i t e  s u i t a b l e  f o r  the  making of lensea 

and windows. 

5. The production of glass ,  given a well-engineered space f a c i l i t y ,  

should be wel l  within the  c a p a b i l i t i e s  of  t h e  as t ronauts  a f t e r  a 

su i t ab le  b r i e f  t r a i n i n g  period, t h e  more technical ly  and/or skill 

oriented operations b e i i ~ g  performed t e r r e s t r i a l l y  bsfore and 2 f t e r  

f l i g h t  operations. 

6 .  A well  d i rec ted  research and developnent program leading t o  the 

producticiil of use fu l  spece g lasses  should y ie ld  much valuable 

s c i e n t i f i c  information on the  nature of g lass  formation, 

nucleation theory, e t c  . 
In addi t ion  t o  "unique" glasses,  which may not  be preparable i n  any bu t  a 

zero gravi ty environment, there  a r e  types of conventional o r  near-conventional 

glasses  whose proper t ies  might be improved by zero gravi ty processing. Sane 

glasses  a r e  subject t o  s t r a t i f i c a t i o n  because of d i f f e r e n t  cunposi t ion (and dens i ty)  

zones i n  t h e  g lass  solut ion.  Others are subject  t o  microphase separation. Space 

processf.ng may r e s u l t  i n  s ign i f i can t  improvement i n  the  o p t i c a l  proper t ies  of truch 

glasses  s ince s t r a t i f i c a t i o n  should not  occur i n  zero gravi ty.  

It j., -~:-r-Ls-i rti;ed t h a t  the process described w i l l  u l t imately not  be limited 

t o  oxide glasses. 2erklaps othe13 compounds such as  carbides, n i t r i d e s ,  and 

ch.3lcogenides w i L l  u l t imate ly  become producible as glasses  by space processing. 

I f  pLlre elements such a s  germanium and s i l i c o n  could be produced as  glaseea, 

s igni f icant  appl icatfons mieht a l s o  develop for them. 

To date the  space g lass  progrctrn hns by choice bcen conf-Lneci t,o oxicie g.lnunt*n 

only. Lack of s u f f i c i e n t  f inds prohib i t s  investlp;at,ion ol' morw than one fnmjly 



of mater ia l s  simultaneously. It  i s  f e l t  t h a t  the  appl ica t ions  f o r  oxide glasses 

a re  more readi ly predictable  than f o r  the o ther  mater ials ,  and t h a t  macy of t h e  

pr inc ip les  t h a t  w i l l  evolve from a study of oxide g lasses  pennit a more d i rec ted  

approach t o  non-oxide inaterials i n  the  f i t u r e .  

The present report  presents  the r e s u l t s  of a six-months study under cont rac t  

NAs~-28014. The report  i s  organized in to  f i v e  major sec t ions  e n t i t l e d :  

1. Po ten t i a l  Applications f o r  Unique Space-Produced Classes 

2. Glass Experiments 

3. Process and Equipment Study 

4. "Conventional" Glasses i n  Zerc G 

5 .  Future Work Plan 

The f i rs t  sect ion summarizes t h e  r e ~ u l t ~ s  of  a study, performed under sub- 

contract ,  by the  Optical  Group of  the  Perkin-Elmer Corporation and t h e i r  fill 

report  i s  included as an Appendix t o  t h i s  report. 

The secone sect ion sulimarizes experimental work performed by the  North 

American Rockwell Corporation Science Center u,lder the d i rec t ion  of D r .  Leo Topol. 

A number of new oxide g lasses  have been prepared by a l a s e r  spin-melting t e c h i q u e  

where drople ts  a r e  ejected from a molten mass of appropriate  composition. 

Techniques have been de-reloped f o r  measuiring the  o p t i c a l  propertfes  of most of the 

new glasses  sc produced. 

The t h i r d  sect ion presents  a summary of t h e  r e s u l t s  of a preliminary study 

of  processing equipment f o r  producing new glasses  i n  a zero gravi ty environment 

i n  a manned space laboratory.  I n d ~ c t i o n  and l a s e r  melting emerge as  preferred 

techniques f o r  melting experimental- sized boules ( spheroids) of new g l a s s  

campositions i n  space. I n  addi t ion t h e  r e s u l t s  of NR's s tudies  on chambers, 

preheating, posi t ion control ,  and cooling are summarized. Sample c a l c u h t i o n s  

f o r  power required t o  induction melt t y p i c a l  new g lass  compositions art? presented 

i n  an appendix. The induction mel-ng of 1/2-inch diameter samples of t y p i c a l  



new glasses  appears wel l  within the e l e c t r i c a l  power c a p a b i l i t i e s  pmjected f o r  

scheduled manned labora tor ies .  Cooling r a t e  ca lcula t ions  show tha t  rad ia t ion  

I cooling t h e  high melting mater ia l s  s tudied r e s u l t s  i n  very short  cooling times 

( l e s s  than f a r  seconds) f o r  1/2-inch diameters t o  temperatures where t h e  b a l e s  

may be handled. 

The four th  sect ion de l inea tes  a reas  where zero gravi ty  melting prove 

11 
I. -- advantagems f o r  improving t h e  qua l i ty  of sane conventional" glasses.  

The f i n a l  sec t ion  presents  a f u t u ~  work plan. A master plan i s  keyed t o  

ant ic ipa ted  manned laboratory f l i g h t  da tes .  A de ta i l ed  plan f o r  NASA FY 73 is 

presented i n  t h e  last part of the  sec t ion .  Eiajor emphasis i s  placed on a p r o g m  

of sounding rocket experiments t o  proiiuce g l a s s  samples of s u f f i c i e n t  s i z e  t o  

assess  s i z e  e f f e c t s  and t o  permit accurate property measurements. 



P0TENITI.U APPLJCA!I'IONS FOR UNIQUE SPACE-PROWJCED GLASSES 

An applications study was performed wider subcontract by the Perkin-Eher 

Corporation, Optical Group, Norwalk, Connecticut. Perkin-Eher's report, Engineering 

Report No. 10952, dated 15 February, 1972 to the contractor is included in its 

entirety as Appendix I tr, this report. 

Possible applications for new, dpace-produced glasses include: 

Non Imaging Applications 

1. Windows for C02 lasers (high transmission at 10.6 microns) 

2. Host materials for 1-96 micron lasers. 

3. ~ a w  mster;.sls (em* :,teb*s j for coatings 

Imaging Applic~tFons -.-.- .- 

1. Element~ for nz.lti-element lenses, especially high nmerical 

aperture systems, where new combinations of refractive index and 

dispersion could result in needed improvements in achromatization 

and secondary spectrum corrections. 

a. Microscope objectives 

b. Low light level lenses 

c. Long focal length lenses for reconaissance 

and astronomical systems 

2. Elements for multi-element lenses where high index of re;%. 'n 

could be used to advantage. 

a. Anastigmatic photographic obJectives (to obtain a flat 

field, free of astigmatism) 

b . Aplanats ( lenses corrected for spherical abcrrat ims 

and coma) 



c. Components with b e t t e r  c h a r a c t e r i s t i c s  because of 

elements with lower curvatures 

( l j  Zoom lenses  

(2) Spectrometers 

(3) Mo~achromators 

(4 )  Pol - r i z i n g  microscope c a n p o ~ e n t s  

( 5 )  High speed, l a rge  s ized lenses  

d. High numerical aper ture  systems 

(1)  O i l  i m e r s i g n  microscope object ives  

(2)  Fiber  opt ics  bundles 

It should be recognized that t o o  l i t t l e  work has been done t o  da te  t o  permit 

an acrvurate predict ion whether such appl ica t ians  w i l l  mater ial ize .  Much more infor- 

mation is  needed on o p t i c a l  and physical  proper t ies  of t h e  new glsasea and t h e  ran@ of * 
proper t ies  obtainable i n  order  t o  pin down spec i f i c  appl icat ions.  Nevertheleee, it 3 

would appear t h a t  t h e  p o t e n t i a l  is  the re  and i f  qnly a r e l a t i v e l y  small portion of 

the  p o t e n t i a l  appl ica t ions  area, as out l ined by Perkln-Elmer, mater ia l izes  the ulti- 

mate production of glasses  i n  space w i l l  ha1 *: been justiZied . 
It should a l s o  be noted t h a t  most of t h e  p o t e n t i a l  application; described in 

Appendix I a r e  f o r  sophist icated,  expensive systems where t h e  r e l a t i v e l y  high coot 

of space production should not  be a deter rent  t o  t h e  use of space-produced glasrree. 



GLASS EXPERImTS --- .- 

Experimental work, performed by personnel of the  Yorth Arne rican Rockwell 

Corporation Science Center u t i l i z e d  l a s e r  melting of spinning rods made by pressing 

ancl s in ter ing  p l r e  o r  mixed oxides of appropriate  proportions. Small drople ts  were 

spun off  from the molten ends of the  rods and were allowed t o  f r e e - f a l l  cool. The 

resul tan t  sphemles were examined microscopScally with white l i g h t  and u ~ d e r  a 

polarizing analyzer t o  det,emine whether they were glassy,  c r y s t a l l i n e ,  o r  a 

combination. A s ign i f i can t  portion of the  experimental work was devoted t o  

developing techriiques f o r  measurine the  o p t i c a l  p r o ~ r t i e s  of the glassy sphemles 

produced. i 

CHOICE c 3  SYSTEMS - - 
For the  present g las s  formation s tudies ,  va- ious oxides with appropriate 

op t i ca l  and physical  proper t ies  have been ronsiciered. A l i s t  of these a r e  presented 

9 i n  TaSie 1. Among these oxides a r e  A1203, La203, Ta205 and Nb205 a l l  of which have 

yielded glasses with various CaO addi t ions  i n  our previous inver;tigatioris. Because I 

of the success with the  above, emphasis w a s  placed on those oxides t h a t  a r e  chemicall,, 

related t o  AL2O7 - ana k203 .   he m i n i n g  group Va oxide, V205, unl ike Nbg05 and 

Ta?O5, was not considered due t o  i t s  low melting poin t  and i n s t a b i l i t y  a t  higher 

temperatures. ) T h s ,  the  A12C3 - r e l a t ed  Gap03 (1n2o3 ??as omitted due t o  i t s  apparc-nt 

v o l s t i l i t y )  and t h e  La 0 - l i k e  Sc203, Y 0 and severa l  rare e a r t h  oxides were 
2 3 2 3 

chosen. Sir.ce MgO, ZnO, F%O, W33 and TIC;, i n  high concentration can be added t o  

many glasses,  these as wel l  as Zr02 and Hf02 (being i n  the  same group as Ti%) 

were included. Final ly ,  SnO and Blg 4 were constdered s ince they are re la ted  

t o  know. g lass  formers, the  former t o  Si02 and Ge02 and t h e  Lat ter ,  BiPO3, t o  a raenlc  

ar.2 antilrorly oxides. 

Fran the  above l i s t ,  the  following pure oxides were chosen: Ga203, 

Y2Oj, h 2 0 3 ,  sm203, m203, n 2 0 3 ,  Lu203, Ti02, W03, MgO and 2x1 0. V o l a t i l i t y  



Enclosure 

Table I. Candidate Oxides 

Approx . 
Melting Boiling Relative (1) 

Oxide point, OC Point C S tab i l i ty  Color no 
. I  

A1203 2070 2980 1 .76/~.  77 V.S. White (2) 
Bi203 830 1 9 ~ (  ? 1 - 9  S. Wh-Yel. -V. Volatile 

Ga~03 1800 - 1- 9 V.S. Colorless 

Gd203 2330 
- - h ~ g  - White 

H f  O2 2900 N 5400( ) 2.1 V.S. White 

Ls203 2310 4200 hYf3 - - White 

Lu203 
- - - ? Wh. -Colorless 

M ~ O  2850 3600 1 7379 V. S. White 

Nb205 1490 
- 2.258 ? White 

n o  886 14 72 2.6 s. Ye17V.Volatfle 

SC203 >2405 
- - ? White 

Sm203 m2350 
- - ? Wh. -Yel. 

Sn O2 16 30 180O-l9OO 2.0 S. White-Volat i l e  
(~ubl. ) 

Ta20:, 1870 ,2200 2.09 V. S .  Colorless 

*I% la+ 5 -0@1900 2.6/2.9 ? Colorless ( r u t .  ) 

w03 11 70 > 2200 - ? Y e l l o w  

Y2°3 2410 N 4300 - ? Colorless-Yel. 

Yb203 2250 
- - ? Colorless 

An0 1970 - 2.01/2.03 V. S. White 
z* 2690 N 4300 2.13-2.20 V. S. White 

(1) V.S. = very stable 
S. = stable 
hyg. = hygroscop4,c 

( 2 )  v = very 



considerations e l h i n a t e d  PbO, B i  3 and SnO while r epe t i t ion  of previaus mns, 
2 3 2' 

perfomed p r i o r  t o  the  awarding of the  present contract ,  with A$03, Zr02,  Hf02, 

R205 and Ta2r)tj was not  deemed worthwhile a t  present .  Since no o p t i c a l  measure- 

ments were made on the g lasses  produced from -La203 due t o  i t s  hygroscopicity, 

t h i s  system was repeated. From our experience and knowledge o f  g lass  formation, 

the  simple oxides most l i k e l y  t o  be successful a re  those l i k e  La20 ainary 3 ' 

compositions of the sp ine l  Mg0.Al2O3 as well  as each o f  the following with 10 and 

20 w t  % CaO were a lso  prepared: G%Oj,  Y203, Sm203, Gd2O3 and Lu2O3. In 

addi t ion,  some rods of Y203 and T a  0 with t h e  C a O  replaced by BaO and T+05 + 
2 5 

10% ZnO composition were a l so  t e s t ed .  The 3 a O  and ZnO ceramics should y i e l d  higher 

r e f rac t ive  index glasses than t he  correspmding CaO ones. The above binary com- 

posi t ions were chosen f o r  t h e i r  po ten t i a l  as glass  formers as well as t h e i r  possible  

o p t i c a l  propert ies .  

EXPERIMENTAL 

A 250 w a t t  continuous wave C02 l a s e r  ( ~ o d e l  4 1 ,  Coherent Radiation Laboratories,  

Palo Alto,  Ca l i f . )  operat ing at 10.6 m i c r o ~ ~ s  was used as t h e  hea t  source. Ihe  beam 

was focused downward with g a l l l w n  arsenide lenses  o f  6.35 cm o r  12.7 cm focal length 

onto t h e  end of  the  spec imn i n  t h e  form of  a rod. Since the  l a s e r  un i t  u t i l i z e s  

a gas j e t  t o  pro tec t  i t s  lens  from impinging ob jec t s ,  t h e  flow of  gas (oxygen in  

our runs) had t o  be minimized. The ceramic rods were about 3 mm i n  diameter end 

were hot pressed from uniformly blended ndxtures of high puri ty  chosen oxide com- 

posit ions by t h e  Xaseiden Co., San Jose,  Ca l i f .  

The technique employed t o  produce glass spherules was t o  place the ceramic 

rods i n  a high-speed d r i l l  and r o t a t e  Lhem at  a known speed of 8,000 t o  30,000 rpm. 

the  face and t i p  of t h e  spinning rod were then intrcduced i n t o  t h e  laacBr beam and 

molten droplets were snun o f f .  These varied i n  s i z e  from about 100 um t o  800 urn 

depending on the  mater ia l ,  the  speed of ro ta t ion  and t h e  l a s e r  beam paver density.  



With t h e  6.35 cm lens  a bean\ pgwer of 250-300 watts and spin speed of 20,000 rpm 

usual ly gave an optimum yield.  With t h e  12.7 crn l ens  t h e  beam power could be reduced 

t o  200 watts. The spherules here caught i n  a l a r g e  funnel-shaped aluminum f o i l  

hopper and col lec ted  i? a s t a i n l e s s  steel t r ay .  ( s e e  Figure 1). The spheruleo 

were xhen t ransfer red  ifi to small p l a s t i c  boxes and were examined microscopical7y 

t o  determine t h e  optlmlm -meter;. 

Figure 2 shcw.: the c-e ta i l s  of t h e  laser beam focusing head and t h e  var iable  

speed d r i l l  motor with t h e  ceramic rod about t o  be introduced i n t o  t h e  beam path. 

Figure 3 i s  a t i m e  e x p s u r e  showing a ceramic rod (M@ - ~ i 0 ~ )  i n  t h e  process of 

being spun under t h e  h ~ e r  beam a t  about 10,000 rpm. The t r a c e s  of t h e  e jec ted  

molten drople ts  a r e  c l e a r l y  v i s ib le .  

Mixtures t e s t e d  i n  t h i s  study were composed cti' &I, 90 and 100 Kt $ S rn 0 
2 3; 

90 and 100% Gd203; 80, 90 and lOO$ Ge 0 80, 90 and lOO$ Y203; 90 and l00$ 
2 3' 

La 0 with t h e  other comkment i n  each case being CaO; Yb 0 pk Yb 0 ; 80 and 9 6  f 2 3 2 3; 2 3 
Ta 0 with the  remainder i n  these  systems being BaO; 90s Ta 0 + 10% ZnO; ZnO; 
2 5 2 5 

MgO; MgO*A1203; and Ti02. 

These spherules which were clear and smooth were immersed i n  l i q u i d  of 

appropriate r e f r a c t i v e  index and checked by microscopic examination with polar- 

ized l i g h t  and crossed nicols .  This procedure d is t inguishes  g l a s s  from a l l  

c r y s t a l l i n e  m t e r i a l s  except those of cubic s t ruc tu re .  The index of  r e f rac t ion ,  

n, and t h e  dispersion, dn/dA, of t h e  glassy spherules were then determined. For 

indices of r e f r a c t i o * ~  l e s s  than 2.0, standard immersion l i q u i d s  and t h e  c e n t r a l  

as well as oblique illuminaeion methods were u t i l i z e d .  It should be pointed out 

tht since t h e  specimens were spheres, t h e  apparent Becke l i n e  a t  t h e  epecimen- 

liquid interface proved t o  be misleading by t h e  c e n t r a l  i l luminat ion technique. 

Instead, the  increase o r  decrease of t h e  l i g h t  i n t e r i o r  area of t h e  sphere ,or, 
i 
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conversely, the decrease or  increase of the dark  border a t  the circwnference of the 

sphere as the distance between the  specimen and microscope lens is increased 

showed t h a t  the  liquid or sphere, respectively, had the higher refractive index. 

With the  oblique illumination method the resu l t s  were straightforward. Here, as 

an opaque stop is gradually inserted in to  the opt ical  l i gh t  path, the shadow w i l l  

f a l l  on the  edge of the object on the  same side as the  approaching stop if  the 

object has a higher refractive index than the  immersion l iquid and vice versa. 

Indices were measured a t  589, 656 and 486 mu with the a i d  of interference f i l t e r s  

and a Zeiss microrefractometer. The microrefractometer was ueed t o  measure the 

indices of the  l iquids a f t e r  the 'latter had been matched with a glass sample at 

a specif ic wavelength. Since the microrefhctmeter  has an upper masurine l i m i t  

~3f 2.00 and a l s o  since the  immersion l iquids commercially available i n  the range 

2.00-2.11 only give the index value a t  589mu, other techniques had t o  be employed 

) t o  measure indices a t  the other wavelengths a s  w e l l  a s  f o r  higher values, i .em, n 

greater than 2.11. For glasses with n32.00, sol id  immersion media and micro- 

scopic measurement of the displacement of the  image, e.g., the dechaulnes method,Were 
, 

also uti l ized.  The h t t e r  metha3 involves measuring the t rue  thickness and the 

apparent o r  opt ical  thickness of the sample; the  r a t i o  of the two yields n. The 

thicknesses were measured with an indicator lgruge mounted on the microscope and 

in  contract with the  movable stage. The gauge has a t r ave l  distance of about 1-25 cm 

-4 -4 
and is  marked off i n  1 x 1 G  in. (2.5 x 10 cm) uni ts  but can be read t o  about 

+ 5 x loe5 cm. To f a c i l i t a t e  m t t e r s ,  the spherules had two para l le l  flats poliahrd - 
on them and a scratched platinum-coated s l ide  served as a focusing target-"  For 

I 1 
1 sol id  immersion medie, S-Se melts ?or the range of nQ.0-2.5 as well as pressed 

I 

i * As suggested by D r .  H. Osterberg of the  American Optical ~0111paG 

f (1) H. E. Memin and E. S. Larsen, Amer. J. Sci. &, 42 (1912) 



s o l i d  solut ion p e l l e t s  of AgC1 + AgBr f o r  of  2.06-2.25 were employed. The n "D 
values f o r  severa l  AgC1-AgBr composittAons were determined by t h e  dechaulnee method. 

When the s i l v e r  ha l ides  were used, t h i n  d i s c s  were machined from s ing le  c r y s t a l  

boules prepared by t h e  Bridgnvm-Stockbarger technique. The spherule was then 

pressed i n t o  the halide p e l l e t  i n  a 6.35 mm I .D.  pressure d i e  and viewed with t h e  

spherule-air  s ide  downward immersed i n  a high index l iquid .  The l i q u i d  served 

t o  minimize t h e  high cont ras t  st t h e  sphere-air  in t e r face  and maximized l i g h t  

transmission through t h e  medium. However, a set of standard so l ids ,  covering the  

range 2.12-2.30 f o r  n was recen t ly  purchabed from R. P. Gargi l le  Lsboratories,  Inc.  
D 

(cedar Grove, N. J.), and a l l  t h e  nD values reported a r e  based on these  A-lt,ht:qq!i 

t ne  above prccedures f o r  n r 2 . 0  a r e  cumbersome and tedious,  o ther  poosible t e ~ h -  

niques appear t o  have equal disadvantages. Some of  these  o ther  candidate methodo 
2 

t h a t  have a l s o  been considered are:  (1 )  t h e  use of transmission measurements , (2 )  

the  use of d i f fuse  ref lectance3 from a large number of spheres, ( 3 )  t r m s m i e s b n  
4 I t  5 

interference micrsszopy with polarized l i g h t  , (4) t h e  rainbow" technique , where 

dispersion is measured d i r e c t l y  by breaking white l i g h t  into i t s  components, analagoue 

t o  t h e  similar case with raindrops, and (5) t 5 e  use of a high index r e f r a c t m e t e r .  
6 

- - - 

(2) K. Kapadopoulos, C. C. Chen, an*. G. 3. Su, Physics Chem. Glaases 11, 

18 (1970). 

(3) E. L. Simmons, Optica A c J a  - 18, 59 (1971); and N. T. MeLmed, Appl. Phys. 

2, 560 (1963) 

(4) H. P i l l e r ,  Sonderdruck Zeiss-Metteilungen 2, 309, (1962) 

(5 )  A. Walther "Optical Applications of Sol id  Glass spheres" - Thesis, 

University of Del-X, Holland (1959) - Published by Dif f rac t ion  Llmited, 

Inc., Bedford, Mass, 

B 
(6) A. H. Pfund, J. Opt. Soc. Am. 2, 966 (1949); H. Haacke and J. Hartmnn, 

Optik - 11, 380 (1954). 



m e  first procedure would require the measurement of l igh t  corrected for  

absorption xhrough a parallel-si&zd specimen. This would require the use of eeveral 

@herules with polished para l le l  f l a t  faces of various thickness and a method of 

accurately ( t o  2 0.5s) measuring the transmission. For values of n = 2.0 the error  

arould be - + O.OI-5 i n  the index value, I n  the second procedure, dlff'use reflectance, 

& large number of uniform spheres must be available and the average diameter as 

we11 as absorption coefficient must be hm. The errors  in  the measurements as 

well as in the assumptions involved in  the derivation are greater than 15 (o r  

+ (3.02 in n). The th i rd  procedure involves the  immersion of the sample i n  a medium - 
of known index and measuring the phase changes in  the polarized l igh t  transmitted. 

However, it is not clear how the procedure works since only the phase change (up t o  

a) can be measured and not the integral  number of changes, i .em, m - w . I n  t he  

equations given in  the reference, the latter quantity, - m, was not considered and 
-\ 

it appears tha t  the procedure is extremely limited i n  use, i .em, for  samples of i 

thickness of the order of the wavelength of l igh t  or for  immersion media o r  - n very 

simtlRr t o  t h a t  of the sample, The "rainbow" procedure was attempted using individual 

glass spherules and a laser  source. Results were unsatisfactory, however, presumably 

due t o  surface irregularities and the small s ize  of the spherules. Irrstly, t h e  Piund 

refractometer involves the use of a hemisphere of high known refractive msterial in 

optical  con'iaet with an uhan: sample and measuring the angle where Newton's rings 

disappear a t  the contact interface. For hemisphere material, ~ i t i l e  ( ~ 1 0 ~ )  o r  SrTiO 
3 

can be used. This m~thod should produce the most accurate data but as with the other 

procedures above, it would involve a long induction period t o  set up and perfect,, 

IWuI,TS AND DISCUSSION - 
Approximately a hundred spherules of each of the compositions t e s ted  were 

collected. A large ra r ie ty  of samples were obtained ranging from those which were -- 
obviously crystalline t o  clear, smooth spherules. Ihe clear, spherical (or  e l l ipsoidal  1 



i n  one system) , smooth-surfaced specimens were invariably glass  (except f o r  some 

of the pure l an thmide  oxides) .  

Clear spherules w i t h  a f a i r l y  smooth surface ha;ing some i r r e g u l a r i t i e s  generally 

had a  glass  i n t e r i o r  and a c r y s t a l l i n e  surface.  Tr- lucent s p h e r d e s  were, 

generally,  very f ine ly  c r y s t a l l i n e  and resembled a f ine ly  d e v i t r i f i e d  g lass  i n  

the  microscope. Specimens which had non-spherical , i r r e g u l a r  o r  lumpy sul f aces 

were generally c r y s t a l l i n e .  

Some glass spheres were produced with &out 2 / 3  of the  compositions t r i e d  end 

with zany compositions more than 10% o f  the  spherules were g lass .  

Figures 4-6 show three of  the  compositions w h i  y ie lued  l a rge  f rac t ions  o f  

glass, Yb20j, Y 0 and Ga2C3 + 208 C a G .  The l i n e s  ia t h e  p la te s  a re  1/64" (0.4mm) 
2 3 

apart .  With the Yb203 and YpO~ome hemispheres a re  present ,  apparently caused by 

s p l i t t i n g  of the  spheres du.e t o  high strless present during the  g l a s s  formation. 

With the Ga203 + CnO mixture scue e l l i p s o i d a l  glass  forms are present.  The textures 

of the  spherules range from c l e a r ,  smooth glass t o  milky t rans lucent  microcryatal l ine,  

t o  opaque white,  fine-grained c rys ta l l ine  t o  r e l a t i v e l y  coarse-grained, t rans lucent  

c rys ta l l ine  lumpy spheres. The G903 - based glasses  RIT seen t o  contain numerous 

bubbles ( see  Figure 3 ) .  

Table I1 lists the  compositions s tudied and summarizes t h e  experimentu.'. r e s u l t s .  

The lanthanidc oxides formed l i g h t  brown t o  orange t o  color less  spherules and i t  

is not known , f impuri t . ies  o r  suboxide formation i s  the cause o f  t h e  color.  Further,  

the L903 ,  S q 0 3  and G$03 spnerules between crossed n ico l s  showed a grea t  deal  of  

microcrystall ine phases t o  be present as indica ted  i n  the  t a b l e .  The Le203 spherules 

deter iorated t o  a powder i n  a f r e w  days i n  air o r  i n  two weeks i n  a desiccator .  

X-ray =alysis  of  the vh i t e  powder shoved the  presence of hydroxide. Another 

in te res t ing  point with the lanthanide oxides i s  t h a t  the glass y i e l d  decreased as 

CaO w a s  added i n  contrast  t o  the  e f f e c t  w i t h  v i r t u a l l y  a l l  the  o the r  oxides where 

glass-forming a b i l i t y  is poor but  increases wiLh added CaO. 
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Table I1 

Results of Laser Melting - E v r i m e n t s  - 
- 

Major Constituent $ CaO Ratin@ Specific Observations 

's203 
- ++ 0-10$ yield; brown t o  colorless; devi t r i -  

fied i n  2 weeks i n  desiccator. - 
=203 10 + 0-l$ yield; brown t o  colorless; micro- 

crysta l l ine  phases. 
- 

n203  - + ++ 50-95s; colorless, pale brawn; pure ~ f l a a e  
predominates; same hemispheres present. 

50-8@, i f  small; color variable; micro- 
crysta l l ine  phases. 

~- lo$;  f a i r  quality; color variable; 
microcrystalline phases. 

- - - - - - -- 

%O3 20 
+ 0-1%; f a i r  quality; microcrystalline 

phases. 

m2°3 
- +++ 50-9@; tend t o  be d e a r e r  than %03; 

varrable color; sane microcryst~l l ine  
phase:. - 

0-10$; f a i r  quality; microcrystalline 
phases. 

0-2$; f a i r  quality; mlcroc ry s ta l l ine  
phases. 

0-25; few good glass; possible micro- 
crysta l l ine  material i n  the glass; scme 
f a i r  quality spheres. 

+ 0.1%; a f e w  are  pure glass; most micro- 
crysta3line phases. 

T !-4 20-TO$; some pure glass; some e l l i p t i c a l .  
- 

'203 
- +++ 20.1W$; many pure glass; s t r ia ted  surface; 

hemispheres; sane pale brawn. 

10 '2'3 
+* + 10-50$; sme  plre glass; moet fair w i t h  

mic rocrystalline phases. - - - 
'2'3 20 + I 0-lo$; few are god; moot fair. 

1-0 BaO + ? Few ( < 1$) fair glass; microcrystalline k '2'3 phases. 



Table 11. Results of Leeer Melting Experiments (continued) 

Major Constituent $ CaO Rating Specific Observations - 
"2'5 10 -0 0 Perhaps trace of fair quality glass. 

Perhaps a trace of glaee i n  epkmu, 
but of poor quality; volat,ile. 

w03 - 0 Volatile. 

lo$ Bao 
-~ - 

Perhaps trace of glass. 

* +++ Glass > 10 percent of total 
++ 10 percent > glass > 1 percent 
+ 1 percent > glass > 0 percent 
0 No g b s s  observed 



For the  other  systems t h e  subs t i tu t ion  of BaO f o r  CaO with Y 0 and Ta 0 
2 3 2 5' 

two good glass-forming oxides, and a l s o  of ZnO w i t h  Ta 0 yielded no g lass .  
2 5 

Spec i f i c i ty  o r  ionic  s i z e  may be important here. The v o l a t i l i t y  of ZnO and WO 
3 

makes t h e i r  use as glass formers tmder t h e  present conditions very d i f f i c u l t .  

Mixing these with CaO may abet  g l a s s  fonaation. The Ti02 yielded mainly a r k  

opaque mater ial  but  a l s o  some li&t matter. This suggests t h a t  d i f f e r e n t  valence 

s t a t e s  of Ti  a r e  present. Note t h a t  Ti02 starts los ing  oxygen above i t o  meltlng 

point. 

The o p t i c a l  proper t ies  i n  t h e  v i s i b l e  of a l l  t h e  g lasses  measured i n  t h i s  

study a r e  reported i n  Table 111. Thus, severa l  of t h e  glasses  prepared previously 

are a l s o  il- luded. The o p t i c a l  proper t ies  determined cons is t  of t h e  index of re -  

fraction a t  589mu, nD, and t h e  Abbe number &, an inverse measure of t h e  dispersion 
n -1 

"486 -"656 

!he precision of t h e  nD values is - + 0.003 f o r  % < 1.80 and - + ,0.01 for  nD> 1.80. 

I n  two Ta 0 + 20$ CaO samples t h e  Abbe numbers were determined by using both 
5 

l iquid  immersion media and t h e  deChaulnes method. I n  one case a sphere was used 

and i n  the  other  a specimen with two plane p a r a l l e l  faces  polished on it. For a 

sphere of index n immersed i n  a l i q u i d  of index n t h e  index is given by 
0 

n = 2 no - d/a 

where d = dianeter  of t h e  sphere 

a = apparent diameter 

and n >no. 

For planar objects  

- 
and is independent of t h e  immersSon .liquid ueed, i f  any. The upecrnent between 

t h e  $ values fo r  t h e  Ta205 - CaO is  good espec ia l ly  since the sphere is much 



Tab le  I I I - 
INDEX OF REFRACTION A N D  D I S P E R S I O N  OF O X I D E  G L A S S E S  - 

Abbe Number 
tomposi t ion" '  n 

D  ~ l s u i d  Micros .  

Y2°3 1.920 20 

Y202 + 10% CaO 1 .920 (?) 

Y 0 + 20% CaO 
2 3 1.920 ( 7 )  

Y 0 + 10% BaO 
2 3 

La 0 
2 3 

L a 0  + 1 0 % C a O  
2 3 

I Sm 0 
2 3 

Sm 0 + 10% CaO 
2 3 

Gd203 

Gd2Q3 + 10% CaO 

Yb203 

Ga 0 
2 3 

Ga O + 1G% Ca3 
2 3 

Ga LI + 20% CaO 
2 3 

A1203 + 5% S i O  2 

A1203 + 10% Si02 

A1203 + 15% Si02 

A1 0 + 20% S i O Z  
2 3 

A1 0 + 10% (,a0 
2 3 

A1 0 + 20% CaO 
2 3 

A1 0 + 10% Si02 + 10% CaO 
2 3 

Ta 0 + 10% CaO 
2 S 

~a 0 + 20;; CaO (sphere) 
2 5 1.95 

Ta 0 + 20% CaO ( p l  m a r )  
2 5 1 *95 

( 1 )  Pcrctntagcs arc  Wciglit Percent 



T6b;e  ( I [ .  I  t,!DEX OF REFR4CTION AND D l  SPERSION OF OXIGE GLASSES ( ~ o r l t  ir lued) -- ------- -.--A- -- -- 
Abbe Nurnber. 

composi t i o n ' "  n 
- D L i q u i d  - Micros .  

Nb205 + 10% CaO + 5% S i O  2 

( 1 )  Percentages a r e  Weigh t  Percent 



more d i f f i c u l t  t o  measure due t o  spherical aberration, e t c .  

The identical  nD values for  the different  Y 0 systems gives cause fo r  s u e p i c i ~ n .  
f 

2 3 
It suggests t h a t  the gloss spherules a re  a l l  pure or  v i r tua l ly  pure Y 0 The 

2 3' 
systems with the highest indices of refraction a r e  the  Nb 0 and La 0 . The latter 

2 5 3 
was uniquely d i f f i c u l t  t o  measure for  some reason but appears t o  be in the  range 

The index of ref'raction is given by the C1ausiui;-Mossottl and Lorenz-brentz 

(c-M, L-L) re la t ions  7 

where N is Avoepnrdo's number 

p = polar i tab i l i ty  (electronic) 

and V, = molar volume of the  oxide = ~ / p .  

I n  the above equation the atomic polsr izabi l i ty  h a s  been ignored. &an t h i e  

re la t ion with the measured c r extrapolated (for A 1  0 Nb 0 and Ta 0 ) indices 
G 23' 2 s  2 5 - 

and the known densit ies of the crysta l l ine  oxides, values of p can be calculated. 

Since p is proportional t o  the  cube of the radius of the  molecule M 0 it m y  be level  w i t  a b, - 
3 

a compared with the  vcrluesz(arM + br *) 3 where r and r axe t k ~  c rp t t i l  radii8 of 
M 0 - 

-8 
the cation M and oxide ion, 1.32 x 10 cm, respectively. n e s e  dwta &re given in 

Table I V  and suggest t ha t  the  po la r izab i l i t i es  of the  oxide ion i n  the  A 1  0 and 
2 3 

Ca 0 systems are much less than i n  the others. Further, according t o  the  C-M, L-L 
2 3 

3 re la t ian the  trend i n  r e h a c t i v e  index should be given by (arM + b r  :)/vme H m ~ r ,  

tabulation of these values does not show any rnmingfu.. correspondence with t h e  

measured refractive indices. Actually, the  trend i n  - n for oxidea of cstione of 

( 7 )  See W. J. Moore, Physical Chemistry, P ren t i ce -a l l ,  Inc., 1962 

( 8) Handbook of Chemistry and Physics, The Chemical Rubber Co., C l e n h s  
Ohio, 1968 
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similar groups appears t o  be most predictable  from t h e  ca t ion  radius  alone. 

M~re data are required before any v a l i d i t y  i n  a t r end  between n and r c a , ~  be 
M 

firmly establ ished f o r  d i f f e r e n t  subgroups and famil ies  of metals. 

The r e s u l t s  of these  experiments shoo$ t h a t  Y 0 , pure o r  with 10 Kt $ 
2 3 

CaO, Ga 0 + 20$ CaO and pure Yb 0 are good g lass  formers w i t h  t h e  laser meltirig 
2 3 2 3 

procedure and should be considered as candidates f o r  future experiments i n  spe.ce. 

fim these  results, it would appear t h a t  pure Lu20 and Sc 0 + b O ,  yet ro be 
3 2 3 

tested, shoulcl a l s o  fall i n  t h i s  category. 

SUMMARY -- 
In addition t o  theL9O3 a d  TqO5 - and Nb205- based systems, which yielded 

glasses i n  the previously performed NR-funded p rogrm,  it has been demonstrated 

i n  the  present study that a a p s e s  can be obtained from pure Y203, S q O 3 ,  Cd203, 

Xb2J and c o ~ o s i t i o n s  r i ch  i n  G 9 O  
3' 

Techniques f o r  measuring the index of ref rac t ion  and Abbe n-en of  the  

small s p l e r r l e s  produced by t h e  l a s e r  sp in -ml t ing  technique. T i w  did not p e r r i t  

Abbe number measurements on d l  of the glasses  produced on t h i s  program, however. 



PROCESS AND EQUIPMENT STUDY - 

Approximately 7$ of t h e  cont rac t  e f f o r t  was devoted t o  a process 

and e q u i p c n t  s t l d y  leading t o  a pointing of the  qay fcr f u t u m  s tud ies  

in connection with ,lanned o r b i t a l  missions. During t h i s  study an attempt 

was made t o  comply with t h e  theore t i ca l  requiremerlts for  optimum 

melting of' unique oxide g lasses  i n  space. These " r e q ~ z i  r.;-.r,cri t s V a s  presently 

foreseen are l i s t e d  below. 

1) Sta r t ing  mater ia l  must be oxides of t h e  highest pur i ty  obtainable.  

2) Because of the  d i f f i c u l t y  of removing bubbles i n  zera gravi ty,  v o l a t i l e  

content of the  s t a r t i n g  rods o r  s lugs  must be a s  low a s  postslble. In  

addition t o  s t a r t i n g  with pure oxides only ( r a t h e r  than t h e  oxltlee, f luor ides ,  

n i t r a t e s ,  carbonates, e t c .  used i n  conventional g las s  manufacture) t h e  

s t a r t i n g  mater ia l  i n  the  form of pressed and s in tered  slugs o r  rcrls must hc 

vacuum outgassed and then stored s o  as t o  prevent re-intratu,ct,ion on Rau. 

3) In order  t o  achieve rapid cooling r a t e s  using radia t ion  cooliAlg, ~aeltirsg 

temperatures should be a s  h igh  a s  possible.  I n  order  t o  prevent fom~aticri  

of bubbles during melting, bo i l ing  poin ts  of  a l l  cons t i tuents  should also 

be a s  high a s  possible.  

4) While many of the  oxides being considered a r e  q u i t e  s t a b l e  and 

t -heoret ical ly  can be melted i n  vactium o r  i n  an i n e r t  atmosphere, o thers  

a r e  r e l a t ive ly  unstable  and/or can form s u b o x i ~ e s  o r  can contain less than 

stoichiometric a r ,mnts  of oxygen, f o r  e m p l e  Ti02 which, urless  melted 

under oxidizing cs; r:,' ' ..: h ~ t 3 . l  contain l e s s  than s toichiametr ic  mount of 

oxygen. This leads +L.J chc r.omation of c ~ l o r  centers  and l o s s  of 



transparency in a glass formed fram a cmposl tion of high content.. 

While it might be possible t;o restore oxygen by heat t reat ing tne glass 

in  oxygen, there i s  a strong r i s k  tha t  devitr if ication temperatures and 

temperatures where diffbsian rates are  adequate might be incanpatible. 

Therefore, space melting equipment, i f  it i s  t o  be capable of handling 

the entire range of oxiae optical  glasses w i t h  potentially a t t rac t ive  

properties,shauld be so designed a s  t o  pennit melting under en air  o r  pre- 

ferably pure oxygen atmosphere. The writer knows of no supemxiides 

containing more than stoichianetrlc mounts of owgen, so tha t  there 

appears t o  be l i t t l e  r i s k  of damaging glasses w i t h  an exctss of oxygen. 

A possible exception t o  t h i s  is where the desired glass is of a sub-oxide 

canposition, for  example s i l icon monoxide, SiO. In such a caee, carcihl  

consideration would have t o  be given t o  maintaining a stoichianetric oxygen 

content. To date, such sub-oxide g l ~ s s e s  have not b'zen seriously considered. 

5) In order t o  destroy residual crysta l l ine  nuclei tha t  might remain i n  the 

molten oxide, the melt sk~m.ld be superheated a t  l eas t  200C above i t s  melting 

point. It would, of cuurse, be preferable t o  be able t o  do tXs wi th  

nothing but the surrounding atmosphere i n  cantact with t he  molten spheroid, 

t o  preclude the possibil i ty of &palling of crystalline fmgments into  the 

meit. For t h i s  reason, direct  resi.-tance melting*was eliminated f mm the 

present study even thmgh it is  a t t rac t ive  frm many points of view and 

undaubtably could be used fo r  the be t te r  glass fomtng canpositions. 

6) The eqyipent  should be so designed as t o  be capable of p m n t i n g  

contact of the molten or  cooling spheroid wi th  solid surfaces u n t i l  tb 

* For fbrther divcuss~on of resistance melting fo r  sounding rocket 
experiments, see section enti t led,  "FU?VRF: WORK P W " .  



glass t r ans i t ion  temperature has been reached on cooling. More w i l l  be s a i d  

about posit ion control l a t e r .  

7) F i n d l y  , i n  order  t o  prevent cracking o r  unacceptably hi,.:h res idual  stress, 

i t  might be necessary t o  r e t a r d  cooling, especia l ly  i n  the cme of glasses w i t h  high 

e ~ p u ~ s i c n  coefficieilts . The e q . d p x n t  should b e  c q a b l e  of proviclinij s l o w c r - t ~ u -  

maximum cooling ra t e s  i n  the  g lass  spheroid. 
I n  the present study, seven bas ic  melting methods were considcteti a s  

follows: 1) induction, 2 )  lsser, 3) e l e c t r i c a l  r e s i s t ance  furnace,  4) 

elec t ron  beam, 5 )  direct s o l a r  heating ( s o l a r  furnace),  6)  chemical, such as 

gas flames and react ions acd 7) e l e c t r i c  a rcs .  Each of  t h e  seven methods w i l l  

be discusssd separately.  Since ea r ly  i n  this study induction and l a s e r  

appeared t o  be the  preferred methods f o r  experimental. melting, more e f f o r t  

was expended on them than on the others .  

Some thought a l s o  was given t o  chamber design, p e - h e a t i n g  ( f o r  induction 

and possibly f o r  e lec t ron  beam melting),  cooling, and post t ion control .  

Subsequent sect ions w i l l  d iscuss  these. 

The basic process visual ized f o r  p re - f l igh t  and pos t - f l ight  (ground) 

opemtions i s  surrmrized i n  Figul-2 7. 

BASIC MELTING MGTHODS 

Inriuc t ion 

Induction melting appears t o  be an almost i d e a l  method f o r  conta iner less  

melting of g lass  i n  space. The method i s  sa fe  and clean; i s  not  s ign i f i can t ly  

affected by the atmosphere ( the  c o i l s  a r e  f l u i d  cooled); can produce tempera- 

tures  i n  the required range; and there is 90 physical  contact  with the  obdect 

being heated. The process has been extensively uscd ( h ~ t  not, for g h m  

m c l t i ~ ~ )  and n hi::h ~ i e ~ r e c  of st:it.c-of-thc-art hns b w n  achlcvotl. Only a 

moderate amount oi' shill is required t o  operate intiucti.on unlt,s once- 1 . h ~  

set-up 1-AS been worked out. Another possible  advantage i s  t h a t  p s i t i o r l i n g  
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cont ro l  might h e  achievable us ine  an orthagonal or o the r  s u i t a b l e  c o i l  

arrangement, a l though  t h i s  has not Seen demonstrrrt.cd t o  dote..  

In o,rder f o r  inGuction t o  work f o r  g lasses  in  ctncc t.hc ~1u:;:;cs m u s t  

be  somewhat concluctive. I n  Figure ? are plo t ted  the  elect;r*ic:ll lScci:;t i . v i  t.y 

vs. temperature fo r  a number of oxides si-milar t o  those b e i n c  ccanci~ierctl 

f o r  unique elasses. The graphites,  with r e s i s t i v i t i e s  of about 10'3 ohm-cm. 

are comnonly useti as  inciuction susceptors. Zr02  with a r e s i s t i v i t y  i n  the 

10-1 t o  1 0  o'm-cn. range i s  a l s o  known t o  be a sa t i s fac toqy susceptor. I t  

would appear, then, t h a t  a l l  o f  the  oxides i n  Figure 8, w i t h  t h e  possible 

exception of A1207  and possibly NO, w i l l  have r e s i s t i v i t i e s  a t  elevated 

temperatures such t h a t  they should be s a t i s f a c t o r y  induction susc?pf.ors. 

O f  course, it ?:ill be necessary t o  preheat them, and t h i s  w i l l  he t rea ted  

i n  a l a t e r  section. Preheating w i l l  be  required f o r  induction, dlrcc i ;  

resistance m e l t i w ,  and possibly f o r  e lec t ron  beam melting ( t o  provide n 

ground or  return c i r c u i t ) .  Of course, experimental work w i l l  have t o  be done 

t o  confirm t h a t  the  spec i f i c  compositions t o  be consiuered f o r  pmparint: 

glasses  i n  space are s a t i s f a c t o r y  s u s c e p t o r ~ .  Probably those t h a t  a r e  not  

nan be rendered su f f i c i en t ly  conducting for induction melting by doping them 

with small quan t i t i e s  of oxide addi t ion  agsnts  t h a t ,  hopefblly, w i l l  no t  

s ign i f i can t ly  a f f e c t  t h e i r  usefulness  as glass .  

One unfortunate shortcaning of induction is e l e c t r i c a l  eff ic iency.  

Typical co i l  coupling e f f i c i e n c i e s  are about 2C@ and e f f i c i e n c i e s  i n  h d u c t i o n  

generators are i n  t h e  60 t o  808 range. Thus e f f i c i e n c t e s  as low a s  12$ (-60 

X .20 X 100) czn be expected. I n  view of t h e  weight problems wi th  f l i ~ h t  

vehicles such low e f f i c i e n c i e s  are a p i t y .  However competing process appear 

no b e t t e r .  Since the  l i o n ' s  share of the heating energy required serves t o  

overcame radia t ion  losses,  considerable improvement i n  e l e c t r i c a l  consumption 

can be achieved by re f l ec t inc  radiated energy back i n t o  the  m e l t .  Figures 9 





through 13 (borrowed f ron  a NR/SD b r i e f i n g  t o  MSFC i n  1970) show a concept 

f o r  a space induct.ion n e l t i n g  u n i t .  The low ef f ic iency o f  this process does 

not eliminate it from use. Should ;he power requirement f o r  the  experiment 

be wel l  within t h a t  ava i lab le  i n  t h e  space laboratory,  then no ser ious problem 

ex i s t s .  The use  of  a spher i ca l  r e f l ec to r ,  f o r  example, as shown i n  Fiwrcc 

10 and 11 woilld reciuce the power required t o  about one-third of that requirctf 

w i t h  no re f l ec to r .  Figures 10 and 11 show the  use of a r e f l e c t o r  i n  the  

meiting and cooling cycles i n  a s scc ia t ion  with induction c o i l s .  Figure 12 shows 

a schematic sketch of t h e  over-a l l  system visual ized.  Figurn 1 3  shows 

schematically a systerr! t h a t  would be required t o  cool  t h e  c o i l s .  Figure 14 

shows the  e f f e c t  of t h e  c o i l  coupling ef f ic iency on the  power required t o  

melt a one-h.lf  inch diameter sphere o f  alumira with and without a re f l ec to r .  

The use  of a r e f l e c t o r  does add same problems. F i r s t ,  it adds t o  t h e  

mechanical cmplex i ty  of t h e  system s ince  it must be removed during the 

cooling cycle. It a l s o  s i g n i f i c a n t l y  reduces v i s u a l  observation of  the  melting. 

It w i l l  a l s o  need t o  be c a r e f i l l y  designed s o  as not  t o  "s tea l"  power from t h e  

induction c o i l s .  While none of  these  problems a r e  insurmountable they do  

e x i s t  and must be mentioned. 

Figure 15 summarizes what i s  present ly v isua l ized  as the  s t eps  required 

t o  induction melt i n  space. The ~ s d e r  i s  re-referred t o  Figure 7 f o r  a 

sunnnaly of s t e p s  t o  be performed on the  ground. 

Reference i s  made t o  Appendix I1 f o r  a discussion of power requirement 

ca lcula t ions  f o r  induction melting and t h e  pa re r  calculated t o  be required 

f o r  melting t y p i c a l  unique glass compositions which have shown p:mmice in our 

l a s e r  melting experiments. :It must be borne in mind t h a t  the calcula t ions  

are based on data  which, i n  many cases was assumed. Therefore t h e  numbers 

calculated a r e  not t o  be taken a s  2recise. 











TE
M

PE
RA

TU
RE

 C
ON

TR
OL

 
SC

HW
IA

T I
C 

b
 

TE
M

P 
C

O
N

TR
O

LL
E

R
 

J
 

I 

* 
r 

-
 I H

EA
TE

R 

I
 

IN
D

U
C

T
IO

N
 

E
X

TE
R

N
A

L 
C

O
IL

 
(O

R
T

H
O

K
O

N
A

L
) 

1 ; i
 

i.
 

! 

A
C

C
U

M
U

LA
TO

R
 

1 





LAWCH SPACE STA'IIOH L_r_J 

U W  PBHIPAT -GI R) COOL 1 L--T- 



The CO, l a s e r  bas alreaay llroved i t s c l f  a h l r a b l y  f o r  melting oxides. 
L 

A l l  of the  work d o ~ z  t o  d e t e  on rnakin~ small spherules of unusual ~ l a s s ? s  

has -2ti l ized a cor.tinuous PO2 i ~ . ; e r  a s  t h e  heat scurce. Heat t r a n s f e r  from 

the %em,  cpemting i n  the ir.frared a t  10.6 mic,rons, and t'le oxide mater ial  

apnears to c.e V.?L3r efI^iclt?nc. NO difficiLS;y h3.s been experienced i n  m e l t i w  

and stperheating t h e  Deny conpositions melted t o  date .  

The CU2 c o n t t n ~ o r  Leser is a clean p m e r  source, can be operated i n  any 

foreseeable atmcsphere, an4 does not require  any r e tu rn  c i r c u i t ,  s ince  heat. 

t ransfer  is optical-not e l e c t r i c a l .  I t  therefore  appears t o  meet a l l  of t h e  

~ - ~ q u i r e m ~ n + , s  as s e t  f o r t h  e a r l i c r  i n  -?his sect ion.  A f u r t h e r  advantage of 

the  l a s e r  a s  co.3pared w;th induction is  t h a t  preheating i s  not. requirxi ,  t h e  

l ~ s c r  working very well from r c o m  temperature through meltine and superheat in^. 

Fiwre 16 shows a Alx:iible flow 4iap-m f o r  laser melting i n  space. By 

heating t h e  f r e e  end cL" :. rod helir i n  a lnechsnical feeding device, a large 

I1  aol ten pool could be developer? on the  end of  t h e  rod i n  a zero" gravi ty f i e l d .  

Since the  hot end of the  roo would become e l e c t r l c ~  l ly   con^ Ling, as discussed 

?a r l i e r ,  t he  molten pool, a f t e r  separation fmm the s o l i d  portion ~f the d, 

cciild. be held i n  place w i t h  an e l e c t m a g n e t i c  posi t ioning device. bhch a 

device would serve tile pur-pose of center ing t h e  m e l t  to overcome small G forccs  

in t rod~ic tc  by astronaut  notions, o r b i t a l  zccer r t r ic i t ies ,  e t c .  I t  may be 

aut icipated t h a t  t h e  small propulsion e f f e c t  of the  l ase r  beam wauld be easily 

counhxacted by such a posi t ioning device. 

The l a s e r  sheres a disadvantage with induction i n  t h a t  canversjon ef f ic iency 

?-s reipt ively low, l e s s  than 20,% of the  e l e c t r i c a l  energy fed i n t o  t h e  u n i t  

being conver~e5 %o neat i n  t h e  beam. The remaining e l e c t r  -a1 energy generates 

heat i n  the power conversion equiment and i n  the C02 gas and must be removed 
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by use of a cooling f lu id .  Thus a cooling system would be required s i m i l a r  

t o  that shown schematically i n  Figure 1 3  f o r  an induction set-up. In  the  

l a s e r  case, t h e  cooling c o i l c  would e x t r a c t  heat  fran t he  power converter  

and wmld a l s o  surround the  C02-containing tubes i n  the  l a s e r  u n i t  and would 

replace the  induction c o i l  shown i n  Figure 13. 

An in t r igu ing  p o s s i b i l i t y  f o r  t h e  laser appears worthy of f i r ther  

study. An unfocussed laser beam i s  w e l l  collimated p a r a l l e l  l i g h t .  T h i s  

suggests t h e  p o s s i b i l i t y  o f  placing the  laser beam generat inp equipment on 

the  ground, possibly on a mountain top, and d i r e c t i n g  t h e  unfocussed beam 

by means of a t racking mirror  t o  t h e  o r b i t i n g  space s t a t i o n .  A m i r r o r  aboard 

the s t a t i o n  c m l d  receive t h e  beam and d i r e c t  it i c t o  t h e  work area through 

an infrared-transparent window i n  t h e  w a l l  o f  t h e  space s t a t i o n .  Inside 

the s t a t i o n  t h e  beam could be run through focussing o p t i c s  and used for 

melting t h e  mater ial .  Attenuations of t h e  beam through t h e  atmosphere should 

be s l i g h t ,  t h e  p r inc ipa l  losses  being s c a t t e r i n g  and beam divergence. &am 

wiggling caused by atmospheric turbulence would possibly be a serious problem 

when the  s t a t i o n  was near the  horizon. Even so, duty cycles of 15 minutcs t,o 

1/2 hour a r e  foreseeable and would be adequate f o r  the  type of operations 

v i  s u a l i  zed . 
Such an arrangemnt m u l d  require  e x t r e m e l y  accurate  point ing and 

t racking and f'brtk,or study would be required i n  t h i s  a rea  t o  determine 

f e a s i b i l i t y .  T f  such an arrangement can be worked out,  weight savings should 

be very large. The onLy weight aboard t h e  space s t 3 t i o n  would be i n  the  

receiving and focussing op t i c s  and possibly i n  monitoring support equipment. 

The heavy transformers and cooling system wauld be located on the  ground where 

e l e c t r i c a l  power i s  a l so  not a t  a very grea t  premium. 



Resistance &mace 

The electr ical  resistance amace  does 1.3;  appear a t  th i s  wrfting t o  

be a seriaus contender for melting oxides of interest .  The principal problem 

is that  the highest temperature resistance heating elements have maximum 

working temperatures that are fa r  too low for most of the materials of interns*. 

Silicon carbide and tungsten both have u s e f i 1  working temperatures below 1900C. 

I n  the case of tur.gsten an iner t  firnace atmosphere would have t o  be used. 

Resistance furnaces a r e  logical for  preheating and more w i l l  be said about 

them i n  a l a t e r  portion of t h i s  section. 

Electron Beam -. 

It would appear that the electron beam could be develope3 into a useful 

power source. Problems that  would have t o  be overcane include provision for  

adequate return circuits, possibly by providing targets behind t!w sample; 

ana provision for  an tlrtmosphere. There appears t o  be serious question about 

t h e  interaction of an electron beam wi th  an electromagnetic positioning 

device. I t  would appear a t  this writing that, while none of the major 

problems foreseen are unsolvable, there is l i t t l e  incentive for  developing 

electron beam equipnent for glass melting - both laser and induction appear 

t o  pose less  problems. 

Solar 

- The use of a solar concentrator for direct melting was discussed in a 

talk given by the principal investigator a t  MSE (1). Such a method appears 

t o  hr-re considerable merit, especially when considering t h e  melting of veSy 

large glass sphems, where electr ical  power generation in space i n  sufficient 

quant4ty m y  be a serious ~roblem. 

(1) Happe, R. A. "Possibili t i c s  for Prociucing New Glasses i n  Space" 
ME-@-1, October, 195'- 



The use of a s ~ l a r  furnace i n  connection w i t h  experiments aboaril a 

manned space laboratory does not appear f e a s i b l e  unless  there  i s  a wil l ingness  

t o  o r i en t  the  whole labcratory with t h e  sun, If t h i s  could be done, an 

o p t i c a l  system could be devised t o  c o l l e c t  the  concertrated s o l a r  energy and 

d i r e c t  it i n t o  the  work area .  I t  might be possible  t o  devise a system where 

the so la r  firnace only would point  t o  the  sun with an o p t i c a l  system t o  t r ack  

the  beam with ~ ~ e s p e c t  t o  t h e  laboratory and d i r e c t  it i n t o  the  work area .  

Another w s s i b i l i t y  would cons is t  of  a movable t racking mirror  on the  sun 

s ide  of the  s o l a r  concentrator.  This  l a t te r  would appear t o  be a b i t  simpler 

than the previous p o s s i b i l i t y .  It was deemed outs ide of the  scope of t h e  

present study t o  delve i n t o  d e t a i l  b u t  it wauld appear on the  surface t h a t  a l l  

of them a r e  p re t ty  hairy.  U n t i l  it can be eskablished t h a t  a s o l a r  beam i s  

capable of  superheat i -~g  a molten oxide p o d ,  the re  appears t o  be l i t t l e  

incentive f o r  attempting t o  cope with the o the r  problems. There i s  

considerable question a s  t o  whether the  molten g l a s s  would bacme transparent  

t o  the v i s i b l e ,  s o l a r  e n e r w  with the  r e s u l t  t h a t  once melting had been 

achieved the re  would be l i t t l e  o r  no enerpy transfer t o  the  melt. IJerhaps 

some simple experiments can be run i n  connec-blon w i t h  o t h e r  methods of 

heati.ng during f l i g h t  experiments t o  resolve t h i s  quest i  qn. I t  should bc 

passible  t o  measure transmj-ssion by beaming sunl ight  through a molten sphetrz 

suspended in  space provid2d tne  ene-gy being given o f f  by t h e  hot sphere and 

the  sunl ight  can be adeq1ratel.y separated.  

Chemical 

Flame heating must be considered low on t h e  l i s t  of poss ib le  h e a t i ~ g  

methods pr inc ipa l ly  because of p o t e n t i a l  d i f f i c u l t y  wi th  contaminating the 

melt through reaction w i t h  combustion products. Disposal o f  voluminous 

cmbu~- ' ; ion products does not appear t o  be a very simple matter  e i t h e r .  





PREHEAT =N G 

Scme of the basic heating methods require preheating the materials 

in order t o  render them electr ical ly  conductive. Preheating appears t o  be 

essential  for  inauction melting of oxides, since they are dielectr ics  a t  
.& 

room temprature. I n  the event resistance heating develops as  a preferred 

heating method for  manned laboratory use based on sounding rocket experiments, 

preheating would a l sa  be required. 

The preheating temperatures required, i n  the range 1100 t o  18m, 

appear within current state-of-the-art fo r  e l ec t r i ca l  resistance furnaces. 

A t  the lower end of the range nichrane and kanthal wound fbrnaces can be used. 

In the intermediate portion of the range, platinum wound fbrnaces or  .-maces 

with silicon carbide (@obar) elements can be For the upper part of 

the range molybe-enum o r  tungsten w m a  furnaces can be employed. In such a 

case e protective atmosphere must be used because of che high oxidation ra te  

of the refractory metals. The use of an atmospnere that  i s  not optimum f o r  

t h e  materlal being melted does not appear t o  p s e  a serious problem. The 

protective atmospbnre can be quickly removed from the chamber u t i l i z ing  the  

space vacuum and an oxidizing atmosphere quickly substituted a f t e r  the 

preheater elements have cooled (a matter of seconds i n  a suitably designed 

f i n a c e ) .  The flow diagram of F i g ~ r e  15  shows how t h i s  mieht be accomplished. 

POSITION COPPTROI 

T' basic reason fo r  peT.Porming a glass melting experiment i n  space i s  

t o  obtail, R condition where a material can be melt.ed without a container. 

In order t o  produce a unique glass boule (spheroid) of significant s ize ,  a 

zero gravity f ie ld  must be used. Because of astronaut motfons, o rb i t a l  

eccentricities, location of experiments of the center of gravity of the 

spacecraft, e tc .  a free floating object w i l l  not remain in  the exact position 



with  respect to  the rest of the spacecraft where originally placed. Unless 

a l l  free floating operations can be performed in an extremely short time spen, 

it appears likely t ) r L r t  some fom of position control w i l l  have t o  be employed. 

Such position control can take one of two general forms. 

1) T k  free floating obdect can be mo;ed w i t h  respect t o  the vehicle. 

2 )  The vehicle can be moved wi th  respect t o  the free floating object 

so as t o  maintain the relative position of t h e  obJect in  the 

vehicle. 

Considerable work has been done under NASA spansorship on the use of electro- 

magnetic devices for position cohtrol. This  technique has the further advantage 

that it might be possible t o  can te rac t  the propulsive effect  of such heating 

sources as  electron beam and laser beams. A m a l l  disadvantage of such a 

scheme i s  t h a t  it works only for electrically conductive matelials. In such 

a case molten glass could be held satisfactori;y but the position control 

would be lost  on cooling after the material ceased t o  becane electrically 

conductive (a t  temperatures below the  180~ t o  l l O O C  range). Since the coolii;.g 

rates w i t h  radiation cooling are extremely high, a s  arc the glass transition 

temperatures, t h i s  shau.U not pose r serious problem w i t h  experimental sized 

glass ephe~es in the 1/2 - Inch t o  me-inch diameter s ize class. 

In the case of laser mlting,  it might p m  3vantageaus t o  s p l l t  the 

beam into three o r  f a r  beams a l l  converging on the sample fran different, equel- 

angled d.irections. This might accmplis h position control during melting and 

supe rheatlng by ut i l iz ing tk propulsive force advanfagemsly. During cool? ng 

the material, of course, would be free t o  float,  unlese the beams were lef t  on 

a t  low power. Since the cooling t i m m  t o  the glaau traneltlon tmpemturc for 

1/2 - inch diameter glass spheres ere u ~ i e r  four occonds (see next occtlon 

cooling), it would appear t h ~ t  positicll control during cooJin8 may not be 

necessary. 



COOLING 

Cooling is  perhaps the e a s i e s t  part of t h e  process t o  def ine a t  t h i s  

time. Because of t h e  high melting poin ts  of t h e  oxides of i n t e r e s t  f o r  

g l a s s  making, rad ia t ion  cooling shauld permit very high cooling rates, t h e  
-. 

rates being a function of  temperature t o  the  fourth power. In  addition,  s ince  

temperatures are high, where t h e  radiated energy is la rge ly  i n  the  v i s i b l e  

portion of the  spectrum ( the  samples are whitx hot) the transparency of t h e  

mater ia l  works t o  advantage and radia t ion  can occur from within the  mass as 

w e l l  as from t h e  surface.* Because of  rad ia t ion  conductivity it should be 

possible t o  achieve very high cooling r a t e s  throughart  --- t h e  mass of t h e  g l a s s  

spheroids with very small thermal gradients  being present.  T h i s  same 

phenoanenon mieh+ enable materials with r e l a t i v e l y  large expans ion coe f f i c i en t s  

t o  be rapidly cooled ; ~ i t h o u t  s e t t i n g  ur l a rge  them1 stresses with possible  

at tendant  cracking. 

As noted e a r l i e r ,  t h e  cooling t h e  should be a s i g n i f i c a n t  f a c t o r  i n  t h e  

evaluation of t h e  type o f  pos i t ion  con t ro l  needed espec ia l ly  when preparing 

l a r g e r  boules i n  space. In order t o  obtain a f e e l  f o r  t h e  time sca les  

involved cooling ra t e ,  ~ o o l i n g  rate ca lcu la t ions  were performed as follaws: 

The model used was:  

--- 
* For a d4,scussion of 'uadiat,ion conductivity" i n  glass, t he  reader  is 

referred t o  "Glass r'3ginecrlng Handbook" by E. B. Shand, McGraw-Hill, 1958. 
The discussion of radiat ion conductivity is contained on pges 27-30. 



where, 

1. i s  the melt at a temperature, T1 

2. is a spherical enclosure with blackened walls (4; = 0.9) 

maintained at  a temperature (5'2) of 200 F. 

The fonrmlas used i n  the calculations were: 

q = rate of heat transfer ircm (1) to (2) i n  BTU/H~ 

4 4 = Stefan-Boltzmann constant ( = 0.173 x loo2 EW/Pt2 ( O R )  .Hr.) 

F, = Ehirrsivlty f'actor (~q.11)  

Fa = Configuration Factor (=1) 

A~ = Sutiace area o i  (1) in  fi2 

TI = Temperature of (1) in OR 

T2 = Temperature of (2) tn OR 

5 = rnasivity of surface 1. 

Q = ~ ~ ~ s s i v i t y  of surface 2. 

where, 

t = time increment in  sec. 

L\T = increment of temperature drop i n  OR 

c = specific heat i n  BW/lb. 

M = 93866 i n  lbs. 

N 
9 = heat tnrnsfer rate (from I )  i n  B'IU/hr. 



Assumed materlal property values a re  listed i n  the followinp table  

and i n  Table 11-1 of Appendix 11. 

Approximate Melting Point, OC 2050 2897 
0 

Superheat Temperature, C 2250 3037 

Density, l b s / f t  3 

Specific Heat, ~ T U / l b g  0.31 0.12 

Estimated W s s i v i t y  a t  
Melting Point 0. 5 0. 5 

Using equation I, q values were computed for  (T1) temperatures from lOOOR 

t o  7000R i n  ~ O O O  increments. A curve of q vs. T was plottcd. Va1:des of 

q for subsequent calculations were =ad from t h e  q vs, T plot .  

Using equation 111, cooling time increments were calculatcd far 500'~ 

temperature increments from the preheat temperature t o  well below t-k 

estimated 2 h s s  t ransi t ion temperature (T~) f o r  each oxide. The mooling 

time increments were cumulated and the cooling curves so obtained were 

plotted i n  Figure 17. 

Coo, times t o  the glass trarrsition temperature, where !,t i s  assumed 

t l ~ t  I .  g h ~ a  w i l l  be suff ic ient ly  r ig id  t o  be handled: and t o  6 0 0 ~ ,  safel,y 

be]-cw the melting point of an aluminum handling f ixture,  a r e  obtained from 

Figure 17 as follows: 



(~alculatsd T = 2/3 Absolute M.P. ) f3 



Material  Appmximate Cooling Time, Sec. ,  to :  - 

Tg_ - Gooc 

BPO;! 1.2 20 

A1203 2.6 17 

A1202 J + 20 W/O SL* 5.2 17 

La203 1.4 I 2  

Ta205 + 103/0 CaO 3- 0 15.6 

Nb205 + 15 w/o CaO 3 6 11 

These ca lcula t ions  a r e  a?proximations and do - not  account f o r  t h e  following: 

a) Emittances f o r  the hieher tempe%ture u a t e r j a l s  a t  temperati -es 

near t h e i r  n e l t i n g  poin ts  have not generally been measu red .  

b) Emittance and spec i f i c  heat are not  constant o:.er t h e  temperature 

range of i n t e r e s t .  

It i s  probable, however t h a t  the a b w e  snd o the r  uncerta . n t i t i e s  should not 

cause the calculated r e s u l t s  t o  be i n  e r r o r  by more than about - + 50$. 

T t  should a l s o  be noted t h a t  the  ca lcu la t ions  assume radiant  heat  

t r a n s f e r  only. Errors  introduced by neglect ing o the r  modes of heat  t r a n s f e r  

a t  t h e  higher temperatures shollld be t r i v i a l .  A t  the  lower- temperatures, 

where the  bulk of  t h e  time i s  consumed, t h e  more s ign i f i can t  e r r o r s  int.roc-lllrad 

by f a i l i n g  t o  consider conduction and convection should give calculated 

cooling r a t e s  lower than w i l l  be ac tuc l ly  experienced unless t h e  surrounding 

atmosphere i s  a vacuum. Therefore the  calculated r e s u l t s  may be cons:dl-.red 

conservative. 

It should be stressed t h a t  the  rates calculated,  within the limits of the  

e r ro r s  conside=d above, r e p e ~ e n t  the m a x i m  ra tes  achievable i n  containerless  

melting space experiments. In  t h e  case of 618s~ experiments it w i l l  generally 

be desirable  t o  u t i l i z e  the  maximm r a t e  of coolj.ng possible .  The cool ine 



r a t ea  can be reduced, i f  necessary, by "bucking" with power duving t h e  coolint: 

cycle. If induction o r  t h e  mu:tiple laser beam zmcept  is  used for heating, 

the  e p p l i a e t i m  of  power shoulc? a l s o  r e s u l t  :n a restomtive force tending t-o 

prevent d r i f t h e ;  of t h e  melt. 

T k r e  i s  a sinple method f o r  ca lcu la t ing  cooling tir?s for diarroters 

o the r  thtln one-halr' inch. Since the  mass of' t he  melt is  a function of the 

cube of the  diameter and the  surface a rea  a funct ion of the  square of  t h e  

diameter, changin; t k  diameter by a given f a c t o r  should change t h e  cool ing 

time by the same fee tor .  For example, doub.'ing t h e  di tmeter  of the mc lt 

s h o ~ l d  result i n  a dmbling of t h e  cooling time. 

Because the cooling curves approach t h e  temperature of t h z  chamber 

~ s y m p t o t i c a l l , ~ ,  t h e  gimplest way of reducine t h e  time for cool ing i s  t o  

r a i s e  the temperature a t  which t h e  sampLe i s  mechanicall:- grabbed. It .is 

apparent from t h e  curves of Figure 11 that  t h e  differences i n  melt in~j ,  points 

have only a small e f f e c t  on the  cooling t i m e  because a l l  of the cooling rates 

a r e  extremely mpid a t  the higher tempem-bres.  



"CONWNTIONAL" GTA4SSES IN ZERO GRAVITY 

D r .  E. Deeg of t h e  American Opt ica l  C o n .  w a s  contscted t o  deternine 

a f r a i t f u l  area of research f o r  employing zero gravi ty t o  improve t h e  

qual i ty  of  l a r g e  pieces of  o p t i c a l  g lasses  present ly prepared with l imi ted  

success under t e r r e s t r i a l  conditions.  Two c lasses  of  g las ses  subject  t o  

rn:-cro-phase sepamt i sn  and d,. , t r i f i c a t i o n  under one G conditions, presumebly 

caused by the  densi ty  d i f ference  between t h c  micro-phase and t h e  parent g las s  

have been i den t i f i ed .  Specif ic  cmpos i t ions  representing extreme cases 

suggested by D r .  Deeg are given i n  Table V. Dne e l a s s  of sach glasses i s  t h e  

fluor-crown and phospho-fluor-crown glasses ,  cm.positions A, B, E, anci F of  

Table V. Another class i s  high t i t a n i a  coritent glasses ,  cmpos i t ions  C and 

D of Table V. 

Consideration has been given t o  preparitig such g lasses  using t h e  l a s e r  

melting and f r e e - f a l l  cooling technique employed f o r  t h e  unique glasses.  

It has been concluded t h a t  t h e  chances c 2 ar. ~ c e s s f i l l y  preparing such cunplex 

glasses  by s t a r t i n g  with mixed oxide rods ~:nd l a s e r  melting appear poor. 'bo 

considerations appear t o  counter-indicate mnch a technique. 

1) 'i'b~ ~ 0 ~ ~ 0 s i t i 3 i i ~  are q ~ i t z  c ~ p l e x  th-z being IS dr,im!rn 3f 

f i v e  cotist i tuents and a maximum of ten  It i s  f e l t  t h a t  the re  

would be considerable d i f f i c u l t y  o o t a b i n g  homogen ?ous g lasses  

using such techniques. 

2)  The melting and bo i l ing  poin ts  of some of t h e  major cons t i tuents  

a r e  qu i t e  low. This could lead  -to s ign i f i can t  composition s h i f t s  

during melting, where the law-boilin.; constituenJc would be vaporized 



before it co~lld be put i n t o  s o l ~ i t i o n .  P a r t i c u h r l y  troublesome i n  

t h i s  recard a r e  the  oxides, P205, B203, Li20, NapO, K 2 0  and possibly 

t h e  f luorides ,  AlF3 and the ac id  f luor ide  K H 5 ,  t h e  l a t t e r  subject  t o  

decomposition a t  a low temperature. 

A b e t t e r  way of  handling such c las ses  would be t o  prepare them by 

conventional t e r r e s t r i a l  melting techniques i n  t h e  form of rods. Dependin8 

on t h e i r  s i ze ,  these mds mieht  be remelted using t h e  l a s e r  free-fall 

technique or, a l t e rna t ive ly ,  the  ends of  the  rods could be torch-melted and 

t h e  drops s o  formed allowed t o  f r e e - f a l l  cool. Viscositv and reboiling of 

such glasses  might present  se r ious  problmis, e spec ia l ly  i n  spin-melting. If 

such t u r n s  out t o  be t k r e  case,  it might prove more advantageous t o  postpone 

fbrther experimental work for actual f l i g h t  experiments. 



Table V 

Batch Coi~-~~sitions for  7ero Cr Melting Experiments 
--- - -- .-- 

CaO - - - - - 4-9  

Pbo - - - 12.5 - - 

Fe (metal) - - - .. .. 1.5 

Sugar - - - - - 1.5 

A 1 1  compositions arc? i n  wc3ik:ht. percent, 



FUTURE WORK PLAN 

As a part of the c ~ n t r a c t  requirements, a study has been made of the future 

work required leading t o  the ultimate production of glasses, both new and 

1 t conventional" i n  space. Accordingly, a master plan has beeil developed tying i n  

tk needed s+,eps vi th Wie itatest NASA scheduling fo r  Shuttle Sort ie  Missions and 

Space Station Missions. The discussion which follows is  divid?d in to  two mador 

sections: 1 )  The Master Plan and 2)  Worlr Recanmended During NASA FY 73, 

beginning i n  calendar July, 1972. The numbers i n  parentheses following each 

subsection correspcmd t o  the numbering system of the Master Plan Schedule 

( ~ i g u r e  18). 

MASTER PLAn 

The Master Plan is shown i n  Figure 18. For purposes of convenience and 

logical  developnent, there are two major subdivisions - I. Developnent Work 

Leading t o  the Production of Optical Glasses f o r  Use i n  the Visible Spectrum, 

and 11. Developnent Work Leading t o  the Production of Glasses for  Applications 

Other than i n  the Visible S p e c t m .  The first would include arch applications 

a s  lenses, windows, e t c  . , a l l  for the vis ib le  portion of the  spectrum. The second 

subdivision, for  example, would include such items as  high temperature glasses 

and glasses for  be t t e r  transmission i n  the u l t rav io le t  and the  infrared portions 

of the spectrum. Specific poss ib i l i t i es  include the following: 

(a)  New Superconductors of High Cr i t i ca l  Transition Temperatures . 
Amorphous superconductors l i k e  Pb, B i ,  e tc .  i n  th in  film forms 

have higher c r i t i c a l  temperatures than corresponding bulk crysta ls .  

Liquid-quenched glassy superconductors have not been made. Space 

melting opens up poss ib i l i t i es  of - bulk samples of new glassy 

superconductors of high c r i t i c a l  t ransi t ion temperatures. 



(b) - New Hami Glasses 

There are a t  leas2 two important implications. (1.) Hbd.nctrrs 

plus high refractive index gives potential  "gem stone" quality 

glass. 

(11) Hardness Means scratch resistance, in  t u r n  means high strength. 

Recent work done a t  U C U  indicates tha t  if  cry3tallization is 

suppressed, many glasses can be made wi th  very high 'mrdne~s values. 

Some such glasses contain BeO. 

( c )  New Glass Ceramics 

Controlled crystal l ization of glass can yield transpareat ceramics. 

Materials such a s  t i t ana tes  and niobates, i f  prepared in  transparent 

s ta te ,  have important application poss ib i l i t i es  i n  electro-optical 

devices. Such systems are  not readily fomed In a glaosy s ta te . .  

Space formation of such glasses and subsequent controlled 

crystal l izatian can therefore yield valuable electronic materials. 

- For Rtrther examples, the reader is referred t o  Appendix I. 

The scheduled dates shown for the Post Skylab, Shuttle Sortie, and Spact. 
"? 
I . '  Station missions were obtained fran NASA HQ MF 7 1 - 5 6 ~  as revised on 1/25/72. 

The scheduling shown i n  F'igure 18 was obtained by working backwards fram t hest 

dates, assigning reasonable times for  each step. 

It is apparent from the Master Plan Schedule tha t  most of the work 

needing t o  be done i n  NASA FY 73 falls in to  the areas of the Pre-Exps rwent 

Definition Studies (IA) and t h e  Sounding Rocket Experiments (TI]). Tn the awnt - 
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a Post Skylab mission is decided firmly by NASA and a glass  e x ~ r f m e n t  f s  

indicated,  then, of course, work leading t o  meeningful class experiments for  

t h e  Post Skylab should a l s o  be begun i n  FY 73. These l a t t e r  events a r e  s b m  

dashed i n  t h e  Maater Plan Schedule because of the  uncertainty a t  t h i s  time 

of those p a r t i c u l a r  missions occuring. 
. - 

A preliminary study has been performed of the f e a s i b i l i t y  of including meanina,- 

f ' u l  g lass  experiments i n  the  sounding rocket program. The conclusion of t h i s  s t ~ ~ d y  

i s  that  it indeed appears f e a s i b l e  using a res is tance  heat ing method o f  melting 

the  oxide compositions. It i s  outsf.de t h e  scope of t h e  present discussion t o  go 

i n t o  d e t a i l  on t h i s  p a r t i c u l a r  concept. However, a separate  b r i e f i n g  i s  beine prc- 

- 
-. t pared a t  t h i s  wr i t ing  and w i l l  be presented t o  NASA-MSFC i n  t h e  near  futu;.e. T h i ~  

b r i e f ing  w i l l  show how t h e  res is tance  heat ing approach might be used f o r  sounding j 

rocket experiments and ou t l ines  development work needed t o  transform the concept, i n t o  M 

an operat ional  r e a l i t y .  It i s  f e l t  a t  t h i s  time t h a t  new g lass  spheres i n  the  l/2-inch 

diameter c l a s s  might be successful ly  produced i n  t h e  first generation of scunding 

rocket experiments. I t  a l s o  appears t o  be a d i s t i n c t  p o s s i b i l i t y  ac  t h i s  tinle t h a t  

larger sized g lass  spheroids might be producible i n  sounding xdocket experim + as 

a second generation e f f o r t s  There i s  one possibly s i g n i f i c a n t  disadvantage '. i 'he 

sounding rocket approach as compared with the manned laboratory approach, and that, 

is  t h a t  t h e  res is tance  heating concept does Invo lve  s u p e r h e a t i n ~  t h e  molten ma t,c r i n l  

i n  contact with the  c r y s t a l l i n e ,  so l id  matcrlnl.. ' I 'h i~  would t .heoret~ca1l.y l ~ m l l .  

t he  number of compositions where one might  cxpt-ct Lo ot\t,aln ~ l a s o c e .  : h c h  



compositions would probably be limited t o  those which are be t te r  glass fonners, t h e  

advantage of zero gravity production being principally the a b i l i t y  t o  melt them i n  

the ab~ence  of a sol id  container - unobtainable because of t h e  high melting points 

of the substances involved. It should be possible t o  containerless cool the  materials 

i n  the  sounding rccket experiments provided that z sui table  method for  separcting 

the molten from the  sol id  material can : worked out. If  it cannot, a f'urther re- 

s t r i c t ion  is placed on the  number of glass forming materials possible. 

Included i n  the time span a l lo ted  fo r  the  sounding rocket f l i g h t  experiments 

i n  the Master Plan Schedule is pre-experiment sample g 'epext ion ,  i.e.? the pre- 

paration of the ceramic rods tha t  w i l l  be melted i n  the  flight. experime;lts, de- 

bugging i'lights, and glass spheroid preparation f1.ights. 

It is f e l t  t ha t  most of the a c t i v i t i e s  shown i n  Figure 1.7 are essen t ia l ly  

e i ther  self-explanstory or thei r  execution is W f i c i e n t l v  far in to  the future as 

t o  not require -her explanations a t  t h i s  t h e .  !here are pertinent comnents 

tha t  should be made at  t h i s  time regarding post-flight evaluatione. 

Post F l i a t  Eva1uations (IB5. IC3, I D ~ )  

mlineeted The study by the  Ferkin-Elmer Corporation (see Appendix I) hes d- 

important properties or  characterist ics t h a t  might be measured o r  evaluated c.e part 

of the  post-f l i gh t  evaluation phases of items I B  5, IC 3, and 1116. 

me larger s izes  ( i  .e., hopefilly 1/2-inch diameter o r  greater) of the spheroids 

obtainable during the sounding rocket and manned missions pennits tne  precision 

~easurements of the index of refraction, I n, and the Abbe amber, 3. - This is Impor-nt 

since many of the  applications for  the new s,pace-prorluced glasses depend on an 

accurate knowledge of the  partial dispersion, - P. ' In order t o  obtain a meaninghrl - P 

value, index of ref'raction measurements accurate t o  a t  kast  six d ig i t e  t o  the r igh t  

of the deciaal are needed a t  several wavelength of l ight .  A 1/2-inch ti-ter p e n n t t ~  

the cutt ing and figuring of suitable prisms whose index at various wave lengche can 



be measured using a precision refra:  . m e t e r  ava i l ab le  a t  the  Perkin-Elmer Corp- 

oration. This r e f r a c t m e t e r  i s  a dupl ica te  of a s imi la r  one constructed by the  

National Bureau of Standards. 

In addition,  t h e  l a r g e r  s i z e s  o f  the spheroids ohteinable during the f l i ~ h t  

missions yermtts t h e  accurate determination of transmission cha rac te r i s t i c s ,  themaf 

expansion coeff ic ient ,  d, - modulus of  e l a s t i c i t y ,  thermal s t a b i l i t y  ( d n / d ~  and cW/d~), 

figuring ~ h a ~ a c t e r i s t i c s  and abrasion resistance. The qua l i ty  of glass produced i n  

te rns  of residual  s t r a i n ,  s t r i a e ,  and o ther  q u a l i t i e s  can a l s o  be assessed. 

WORK RECOMMENDED DURING NASA FY 73 

In  accoxdance with the  Master Plan Schedille, the= are th ree  major areas cf work 

required during NASA FY 73: (1)  C a t i n u a t i o n  of pre-experiment d e f i n i t i o n  s tudies ,  

(2) Beginning of pre-experiment s tud ies  f o r  sounding rocket exper ime~~ts ,  and, la ter  

i n  the  year, beginning of  experiment package design and cons t ruc t lm;  and ( 3 )  

Beginning of pre-engineering equipment s tud ies  and equipnent design and engineering 

f o r  Post Skylab missions. 

Pre-Experiment Defini t i  m Studies (IA) 

Fl ight  Equipment Definit ion ( 1 ~ 1 )  - . It i s  mcanmended that t h e  f l i g h t  experiment 

def in i t ion  s tudies  (1~1a)  leading t o  equipaent f o r  t h e  mnned l abors to r i e s  not  be 

continued i n  thz present farm during FY 73. Such s tudies  leading t o  equipment f o r  

the  Shut t le  Sor t i e  Missions can log ica l ly  be delayed u n t i l  mid-FY 74, based on 

present Shut t le  Sor t i e  schedules. More spec i f i c  wark should be begun f o r  t h e  

saznding rocket shots  and w i l l  be discussed i n  a l a t e r  sec t ion  a s  part of the s a n d i n g  

rocket experiment program. In  t h e  event the  Post Skylab program mater ial lzee,  an 

accelerated program f o r  equipment designed t c  do a satI1sfactory Job with glass met be 

begun i n  *FY 73 a s  a log ica l  part of hat program. Tn FY 74 preliminary spec i f lca t ion8 

( 1 ~ 1 t )  should be p r e p r e d  t o  guide t,he developnent e f f o r t s  for the  Shu t t l e  Sortie 



missions. These specifications should be prepared based on i n f o m t i o q  obtained 

during the FX 72 and 73 experimental  pro^. 

Shall Sphe-e Experiments (IA21. Work begun i n  FY 72 under the present contract 

should be continued i n  FY 73. This work ut i l izes  laser melting a spinning ceramic 

rod and free-fall cooling the droplets fonned. It is a useful and economical 

technique for screening sllitable canpositions for  subsequent, large scale experiments. 

!Types of new composltir>ns t h a t  might be investigated include: 

a) Ikw systems not previously tested, such as Ti02-CaO and somc of the rare 

earth oxides (lanthanides). 

b) Mixtures of s3-stems whose caaponents have given promising results. 

I n i t i a l  work should concenL-ate on binsry mixtures with and without addition egente 

9uch q. Si02 M?1 CeO. Same ~f the binary system8 that might be investimted Inchde: 

bL03 with Al2O3, a203, m205, Ta2O5, Y203, v3, and %03: Nb 0 with A1203 
2 5 

and q3; '1B. 0 with A120 and Ga203; Y& with %03, % 
2 5 3 0 9 A1203, and %03* 

c) High n l t i n g  non-oxide substances, such as ZbS (spbaleritc), w, 8a'h, 

CdSe, and Pb*. 

The optical properties measurements; i.e., ref'ractive index, n, end Abbe 

number,d, should be continued and should include all the glasses obtained during the , 
FY 72 (present) program and the new ones obtained during PY 73. 

Samples of the glassy spherules produced should be analyzed t o  determine com- 

position and t o  ascertain that the canpositions of the ceramic s w i n g  rods were 

not a l t e m i  during laser melting. 

In the event satisfactory arrengements can be made with an optical glras 

producer t o  prepare starting rods of selected "conventional" glass comporitiono 

and to  evaluate spherules prepared by NR for micro-phaae separation (see earlier 

section of this report on Conventional ~ l a s s e s ) ,  amall  spheruleo will be produced 

by the laser spin casting technique. Because of the  complexity of these compoel- 

t i m s  end the emount of low boiling poiat constituents, it is f e l t  that they would 

not lend themselves to  laser melting of pre-pressed ceramic rods. 
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spheroids, i n  the l/lr-i>ch diameter c lass .  The C02 l a s e r  on hand a t  the Space 

Division has enough power t o  melt and superheat a suf f ic ien t ly  large sized pool on 

the end of a rod. The s ta r t ing  rod could be mounted ver t i ca l ly  and rotat,ed slowxy, 

and the l a se r  bean could be directed horizontally.  I n i t i a l  experiments might 

e n t a i l  melting large drops from rods of selected campositions which Pomed good 

yields of g lass  spherules i n  the  screening experiments and allowing them t o  drop a 

s h o e  distance (approximately seven f ee t )  i n t o  water. 

Those c a n p o s i t i c ~ s  which yielded glasses i n  the  i n i t i a l ,  shor t - f ree-fa l l  t e s t s  

could be retested i n  a 100 foot drcp tower avai lable  a t  the  Space Division. The 

portable 250 watt laser un i t ,  presently being used, c m l d  be ins ta l l ed  i n  the  top 

of the  drop tower a t  the 80 foot level .  An a l t e rna t ive  arrangement being considered 

i s  t o  beam the unf~ciised -parallel  beam through a hol.: i n  the roof of the manufacturing 

. ...a u u l ~ u i n g  where ii is i i ~ w  iii~tulieci. Tile be- ~ ~ 1 . d  3 s  direct.ed by a mlrror t o  t h e  

top of the drop tower where another system of mlrrors would bring it Into posi t lon 

through the exis t ing focusing opt ics  (moved t o  the  top of the  drop tower). 

The properties of the spheroids produced in  the  drop tower c. .lauld be measured 

and the chemical compositions of a l l  glasses should be analyzed. 

Application Studies ( ~ 4 )  F'urther applicat  iuns studies are not  recommended during 

FY 73. It i s  f e l t  t h a t  u n t i l  more data  are available fran la rger  spheroids, ~ n d  

Axrtkr studies of the  poss ib i l i t i e s  f o r  producing glasses f o r  applications in 

other thsn the  v i s ib l e  spectnun (Item 11~1) are completed, the  p rac t i ca l  l i m i t  of 

what can be gained from applications s tudizs  has already been achteved as  reported 

i n  Appendix I.  



Sounding Rocket &periments (IB) 

A general description of the sounding rocket p r o m  is given in the previous 

Master Plan section. Ihrrtnq FY 73, it is proposed that an accelerated program be 

studits prove successfril, experiment package design and engineering could be begun 

taward the end of %he y %re 

m e  pro-engir.rering studies (IB1) would consist largely of experimental 

work to obtain empirital infomation for basing the design and engineering effort. 

Anticipated work in the pre-engineering studies would include: 

a) Selectfot of C0l1ipo6it2ons. Compositions uovld be selected on the basis 

of gla8s formation tendencies as esta5lished in the Pre-experiment Definition 

Studies of IA. Further experimental work would be performed to establieh the 

effects, if any, of meltins I?! an inert atmosphere, such as Argon. Additional ex- 

periments would be performed on rods of suitable canposition to establish preheating 

temperatures and suitability for resistance melting, 

b) Detenninstion of Resistance %at- Parametere. In an extension of the 

above tests on selected ccmpositions, rods would be resistance heated to incipient 

aelting and parameters such as electrical resistance, paer inputs vs, teaperature, 

t and melting point measured. 'Ilhese data could be estrapolated throu* the melting 

point and to superheat temperatures about 40W* in excess of the melting point. 

C) Evaluation of Separation Concepts. In order to separate the molten zone 

A.m tbs solid ends of the test -B, it will be necessaqj to "cut" the liquid at 

two planes in the fliat tmriments. ??wim I- a m m c h e s  for doing thie a n  be 

* Because the resistance heating method involveo liquid in contact with 

the cryrtalline solid, it is felt that the superheat tempelatwe should 

be st 1-t doubled that considered adequate for methods where the molten 

mass is isolated, as discusl;ed elsewhere in this report. 



evaluated t e r r e s t r i a l l y  using laser-melted liquid drops on the ends of ver t ica l  

rods. Candidate methods for  "cutting" the liquid include gas jets ,  metallic o r  

ceramic "scissors" and e lec t r i ca l  vaporization. The amount of side mot ion imparted 

by each method evaluated w i l l  a l so  be measured along with comparative estimates of 
' . 

cooling effects  of the cutting methods. 

d) Preliminary Study of Experiment -Rocket Interface. A non-experimental 

study of such factors as d r i f t  rates of the  separated molten spheres, rocket 

a t t i tudes  at d i f femnt  portions of the f l igh t ,  spin rates and affect on sample drift. 

during cooling, etc.,  w i l l  be perforrmed. During this study decisions w i l l  be reached 

concerning, for  example, whether the  rocket must be de-spun, whether an a t t i tude  

control system must be used, or the experheat pckrzge only despun. Thie portion 

of +he study w i l l  a l so  be concerned with bat tery arrangements and preliminary 

e l ec t r i ca l  and timing c i rcu i t ry  t o  the extent tha t  ~ i @ t s  m y  be e ~ t i ~ ~ t e d .  

Equipment for  Post Skylab Missions (IC) 

I n  the event that both ( a )  NASA firma a decision on Post Skylab and (b) a 

glass experiment ~ 1 1 1 b e  included, an acceleratsd program must be begun t o  define 

e q u i ? ~  n t  approaches and begin design an& englneerinq. The i n i t i a l  work w i l l  

consist largely of deciding whether t o  use induction or laser for  melting and 
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ABSTRACT 

The Space Division of North American Rockwell Corporation has 

recently proposed a new glass fabrication process which involves produc- 

ing the g?asses in a zero gravity environment, lA This zero gravity 

melting eliminates the need for a solid container during both the melting 

and cooling phases of glass production. The combination of superheating 

well above the melting tempmature and cooling in the absence of most 

nonnal nucleation sites suggests the possibility of produci~~g glasses from 

normally crystalline materials such as A 1  0 ,HfO Zr02. etc. This report ex- 2 3 2' 

plores the possible applications suitable for such new glass types, 

1A Happe, R,, Journal of Non-Crystalline Solids, 3, 375-392 (1970) 
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1.0 SUFMARY 

The use of new glasses  f o r  o p t i c a l  components and systems require8 a 

knowledge of the  o p t i c a l  p r o p r r t i e s  over the  s p e c t r a l  range f o r  which the 

op t i c  i s  t o  be used. Specif ic  appl ica t ions  may be i d e n t i f i e d  a s  a funct ion 

of index only, provided t h a t  the  ma te r i a l  possesses physical  proper t ies  

cons is ten t  with the proposed use. For example, t h e  p o s s i b i l i t y  of obtain- 

ing microscopes with increased numerical aper tures  ( i . e .  smaller  r e l a t i v e  

apzrtures  o r  f / n o , ' s )  i s  strengthened by the  a v a i l a b i l i t y  of higher inder 

mater ia l s .  Furthermore, high index f i b e r s  f o r  f i b e r  o p t i c  systems means 

t h a t  the f i b e r  bundles can be curved i n t o  t i g h t e r  c i r c l e s .  Residual f i e l d  

curvature f o r  photographic objec t ives  and mapping lenses can also b e  r e -  

duced with high index g lasses .  

Other appl ica t ions  r equ i re  assumptions about d e s i r a b l e  index and d i s -  

persion p roper t i e s  t h a t  could y ie ld  improved performance f o r  astronomical 

objec t ives ,  reconnaissance lenses ,  mul t i - spec t ra l  cameras, and o ther  photo- 

graphic systems, For example, photographic astrographic lenses used f o r  

precise  determination of s t a r  pos i t ions  r equ i re  extremely small chromatic 

d i s t o r t i o n  of the  s t a r  images. By obtaining g lasses  with a z r e a t e r  vat.l zt; 

of index and rec ip roca l  d ispers ion ,  o p t i c a l  designers  w i l l  be a b l e  t o  achieve 

more highly corrected £oms of these lenses.  

There a r e  o ther  appl ica t ions  which requ i re  improvement o f  p roper t i c s  

other  than n andY.  In  many window systems a s  well  RS i n  monochromators 

and spectromctcrs,  i t  is des i rab le  t o  obta in  components with improved trans- 
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mission c h a r a c t e r i s t i c s ,  e spec ia l ly  i n  the  U-V and I-R regions,  For ex- 

ample, the re  a r e  c u r r e n t l y  no g lasses  which t ransmit  l i g h t  i n  the  s ~ e s t r a l  

region around 10008, and highly d i spe r s ive  lead g lasses  exh ib i t  absorption 

bands i n  the near U.V. 

A s  a r e s u l t  of these  many requirernencs, i t  i s  the re fo re  f e l t  t h a t  

increased e f f o r t  t o  t h e  f a b r i c a t i o n  of these  new g lasses  be expended so 

t h a t  the  re levant  opto-mechanictl p roper t i e s  may be measured d i r e c t l y .  In 

t h i s  way, accura te  da ta  w i l l  be a v a i l a b l e  t o  use as input f o r  r ay  t r ac ing  

and design optimization rout ines  a s  refinements f o r  e x p l i c i t  lens forms 

a r e  sought t o  achieve improved performance, 



PERKIN-ELMER 

2 .O INTRODUCTION -- 
The  newly proposed method f o r  manufactur ing  g l a s s  which i s  c u r r e n t l y  

u n ~ l e r  i n v e s t i g a t i o n  by North Arnericar~ Rockwell ( N R / S D )  d e r i v e s  i t s  appeal  

e s s e n t i a l l y  from t h e  two fo l lowing  p o i n t s :  f i r s t ,  i t  may a l l o w  g l a s s e s  t o  

be made from m a t e r i a l s  n o t  p r e v i o u s l y  a t t a i n a b l e  i n  t h e  g l a s s  s t a t e ;  second- 

l y ,  t h e s e  g l a s s e s  w i l l  b e  o f  u l t r a - p u r e  c o n t e n t ,  probably  remaining as p u r e  

h s  t h e  raw m a t e r i a l s  used t o  produce them. The f i r s t  a t t r i b u t e  s u g g e s t s  

t h a t  m a t e r i a l s  e x h i b i t i n g  a  new v a r i e t y  o f  o p t i c a l ,  mechanica l ,  and thermal  

p r o p e r t i e s  may become a v a i l a b l e  f o r  u s e  i n  o p t i c a l  imaging systems. The 

second s u g g e s t s  t h a t  m a t e r i a l s  of improved t r a n s m i s s i o n  performance may 

a l s o  be a v a i l a b l e  f o r  such sys tems.  P u r i t y  c o n t r o l  i s  a l s o  d c s i r a b l c  i n  

s e v e r a l  systems which employ g l a s s  fcr reasons  o t h e r  than  i t s ,  imaging 

c h a r a c t e r i s t i c s .  

A p p l i c a t i o n s  based p r i m a r i l y  upon t h e  a v a i l a ,  ,,,y of g l a s s e s  wi th  

new index and dispersCon p r o p e r t i e s  a r e  b e s t  exp la ined  I n  terms af  the 

techniques  and l i m i t a t i o n s  of o p t i c a l  d e s i g n  and w i l l  be exp la ined  i n  the 

l a t t e r  p a r t  of t h i s  r e p o r t .  

I n  a d d i t i o n  t o  a g l a s s  t y p e ' s  index a ~ d  d i s p e r s i o n  c h n r a c t c r i s t i c s ,  

f a c t o r s  such a s  i t s  t r a n s m i s s i o n ,  homogeneity, and s c a t t e r  c h a r : ~ c t e r i s t i . c ~  

a s  w e l l  a s  i t s  thermal  s t a b i l i t y  (of index ,  s i z e ,  and s h a p e ) ,  envi ronmenta l  

s u s c e p t i b i l i t y ,  and manufactur ing  c o m p a t i b i l i t y  a r e  a l l  considered d u r i n g  

t h e  p rocess  of s e l e c t i n g  t h e  most d e s i r a b l e  g l a s s  for a  g iven a p p l i c a t i o n .  

There e x i s t  s i t u a t i o n s ,  e s p e c i a l l y  i f  a g l a s s  i-s t o  be  used as a  moduiator  

o r  l a s e r  r o d ,  o r  a s  an o p t i c a l  cornponent i n  J.II. o r  I . R .  t r a n s m i t t i n g  s y s -  

tems.whcre i t s  d e s i r a b i l i t y  is  more dependent on t h e s e  f a c t o r s  than  on 



PERKIN-ELMER 

index related ones. Since, in any case, the desirability of a glass type 

exhibiting unusual index behavior could only be enhanced by the additional 

improvement of these other characteristics, it seems appropriate to discuss 

these factors first. An overall summary of existing limitations will be 

supplemented by descriptions of the advantages and disadvantages of current- 

ly existing materials in order to provide the best idea of the type of im- 

provements iahich would be most beneficial, The materials discussed will 

be classified according to their region of applicability such as in U.V., 

I.R., or visible transmitti~g systems or non-imaging devices. 

3.0 MATERIALS 

3.1 General Limitations 

The limited transmission range achievable with existing op- 

tically useful materrals remains an unsolved problem in the develop- 

ment of U.V. and I.R. transmitting s;.stems. m e  vacuum U.V. extends 

at least down to 5 ~ 4 R  (strong helium line) before one encounters an 

overlap with soft x-rays and hard U.V. rays. Absorption bands, pri- 

marily due to electron transitions, occcr in all available materials 

well before this cut off. A plot of the ultraviolet transmission for 

a number of crystal materials is shown in Figure 1 ,  and that for some 

of the available Schott glasses is shorm in Figure 2. It is apparent 

that the crystalline fluorides and oxides transmit the farthest. 

Lithi.um fluoride, LiF, exhibits the longest U.V. transmission, but 

at 1215R (Lyman-) it is down to 509,. The available glasses transmit 

only in the near U.V. just before the atmospkcric absorption Sand 



wavelength (dBP) 

UV TRANSMISSION OF VARIOUS MATERIALS 
(Thickness 5mm) 

FIGURE 1. 

UV TfdNSXI?? ION OF SCHOTT OPTICAL GLASSES 
(Thickness Smm) 

FIGURE 2. 



and even the performance of these is impaired by the presence of 

trace impurities. The presence of impurities such as lead, iron, 

cerium, and titaniun can affect the transmission differently depend- 

ing on whether the melt was performed in a reducing or oxidizing 

atmosphere. Thus currently, space oriented V.U.V. atid X.U.V.. instruments 

require all reflecting components from at least 12151( down. This 

would suggest the existence of potential applications for new glasses 

of improved transmission in this region. 

,The selection of materials with transmission suitable for use in 

1 
the Infrared region is similarly limited. Glasses, of course, would 

be more desirable than crystals because of their isotropic nature 

and lack of directional properties associated with some crystal struc- 

tures, but crystal materials to date exhibit more desirable trans- 

mission characteristics. Most of the oxide based glasses have long 

wavelength cutoffs in the 2 to 3 micron range Lmposed by vibration 

absorptional effects. In addition, absorption bands due to impurities 

of water and OH radicals arc usually apparent. Attempts to develop 

oxide glasses of higher purity led to glasses of lower index. Thus 

use of these glasses requires components of greater thickness (and 

therefore, increased absorption and weight) and wore severe curva- 

tures (and consequently worse imaging periormance), both undesirable 

si<c effects as cxplainrd later. Other non-oxide glasses have been 

developed which exhibit cutoffs in the 12 to 19 micron region, but 

they arc characterized by other undesirable material properties as 
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outlined in the examples below. The same is true of the ionic crystals 

and polycrystalline materials which exhibit superior I.R. trans- 

mission characteristics. 

In addition to li~itations on the transmission performance of 

available materials, limitations related to materials' thermal stabil- 

ity, environmental susceptibility and manufacturing compatibility 

impose the most severe remaining problems. 

Wheqever an optical system is subject to strong thermal shock 

(such as projection condensers) or required to maintain extreme 

stability in the presence of temperature variations (such as labora- 

tory instrun~ents or system windows), factors such as variations of 

expansion (K )  and index (dnld~) with temperature become of primary 

importance in the selection of component glasses. A common figure 

of merit used for comparing materials is the quantity = dn/d~ +#((n-1) . 
In these terms, materials exhibiting low p values are most de- 
sirable but not currently available. Fused silica is the only glass 

wii;!rl a low expansion coefficient, 0( , which is also of sufficient 

homogeneity to use in imaging systems, but its change of index with 

temperature is undesirably large. Obviously an incrcascd variety of 

acceptable glass types would be appealing. 

Focal plane surfaces, film tracks, and eye pieces subject to con- 

stant cleaning, as well as windovs and bubble chambers, are some of 

the types of applications which require materials with a good resis- 

tance to either mechanicai or chemical abrasion or radiation. For 
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other applications soft or hygroscopic glass may be coated or used 

in a protective environment, but it is always desirable to be able 

to avoid the need for such measures. 

Finally of general importance, is the ease of workability of the 

glass. It would be desirable to use present manufacturing techniques 

to figure any new glasses. Many crystalline materials presently used' 

in monochromators and spectrometers, although exhibiting good trans- 

mission characteristics, are hard to figure because they respond 

differently to polishing in various directions, Other materials such 

as sapphire, will be difficult and time consuming to figure because 

of their extreme hardness. It should be confirmed that current 

techniques such as grinding and polishing procedures may be used with 

the new glasses without inducing -rystallization. 

3.2 Specific Properties 

Some current materials used for U.V. Transmitting Systems include 

the following: 
1 

1, Lithium Fluoride - As mentioned before, this crystalline material 

transmits well from about 6 p  to 1200g. However, the trans- 

mission toward the 120012 end is impa!red because of the exis- 

tence of impurities, It is currently used to make prisms, 

windows, and lenses for use in the vacuum U.V. 

2. Calcium Fluoride - The existence of impurities in crystalline 

material 01 t h i s  type causes it to fluoresce in the U.V. '(If 
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pure, this material would be useful in U.V. microscopes which 

>'i 

require a high N . A . ,  thus even small quantities would be use- 

ful.) Its present uses are similar to those of LiF. 

3. Magnesium Fluoride - This material is a relatively good U.V. 

transmitter. It would be desirable in glass form since prob- 

lems exist due to its crystalline nature. However, the glass 

form is useful only'if extreme purity can be preserved. 

4. Fused Silica - This is one of the current materials potentially 

suitable for use in the ultraviolet region. It is available 

as crystal quartz or fused silica glass, Weak traces of im- 

purities such as iron, lead, titanium, and cerium, however, 

reduce the U.V. transmission of this material. Moreover pure 

fused silica glass is isotropic. When it contains slight 

impurities, however, it becomes anisotropic. Since it is 

commonly used as a field lens in spectrometers where the 

incident light is generally polarized, its anistropic nature 

rotates the polarization and consequently induces erroneous 

changes in output readings. 

In summary, it is first apparent that if only existing materials could 

be processed by the proposed NR/SD method, they would he desirable 

because of their improved transmission characteristics. Secondly, 

existing crystals are generally hygroscopic and difficult to work, 

and even if not hampcrcd by impurities, do not transtait well over tho 

9 
* The notation N.A. will be used throughout the report t9 represent 
Numerical Aperture, 
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e n t i r e  U.V. range.  Thus, t h e  development of  completely new g l a s s e s  

might be d e s i r a b l e  e i t h e r  i n  o rder  t o  o b t a i n  g l a s s e s  wi th  improved 

phys ica l  c h a r a c t e r i s t i c s ,  o r  t o  ob ta in  g l a s s e s  wi th  extended t r ans -  

miss ion ranges i n  t h e  vacuum U.V. o r ,  i d e a l l y ,  t o  ach ieve  bo th ,  

Fur ther  a p p l i c a t i o n s  of m a t e r i a l s  wi th  improved UY.transmission and 

high index nright a l s o  be found i n  f i b e r  o p t i c s  f o r  t h e s e  s h o r t  wave 

reg ions ,  The r e l e v a n t  p r o p e r t i e s  r equ i r ed  of  t h e  m a t e r i a l s  f o r  t h i s  

a p p l i c a t i o n  a r e  d i scussed  l a t e r .  

Some materials a v a i l a b l e  f o r  use  i n  t h e  I . R .  are descr ibed  below: 
1 

C m o n  Oxide-based Glasses  (SiO2,B2O3, P205) 

Most of t he se  g l a s s e s  have good v i s i b l e  t ransmiss ion  bu t  very  

l imi t ed  usefu lness  i n  t h e  I . R .  Typical  long wavelength c u t  o f f s  

a r e  i n  t h e  2 t o  3 micron range.  Due t o  i m p u r i t i e s  of water  and 

OH r a d i c a l s ,  t he se  g l a s s e s  have absorp t ion  bands a t  2.9 - 3.2 

microns. 

~ n f r a s i l  and S u p r a s i l  ( r e g i s t e r e d  trademarks of A m e r s i l ,  Inc.) 

These a r e  high p u r i t y  fused s i l i c a  g l a s se s .  This  high p u r i t y  

e.g., l e s s  than f i v e  p a r t s  per  m i l l i o n  of water o r  OH a l lows  a 

high t ransmiss ion through t h e  v i s i b l e  spectrum and ou t  t o  3.5 

microns. I f  used i n  t h i n  s e c t i o n s ,  i . e .  l o rn  th ickness ,  ab- 

s o r p t i o n  a t  2.7 microns is  considered n e g l i g i b l e ,  whereas when 

used i n  t h i c k e r  s e c t i o n s  of 30-100 mm t ransmiss ion  i s  s e r i o u s l y  

a f f e c t e d .  Because of t h e i r  low r c f r a c t i v c  index (1.4 a t  2.5 

microns) l a r g c r  th ickncsscs  and scvcre  ctlrvati~reo arc? reqtrirect 
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to achieve a given correction. 

Heavy Ion Oxide-based Glasses (Aluminate, gallate, telluride glasses) 

It has been found that the addition of glass formers having large 

ions and wezker interatomic bands tends to extend the I.R. cut- 

off to longer wavelengths. The transmission range of these 

glasses, defined as the 50% level (i.e. equal transmission and 

absorption), is approximately .35 to 5.5 microns for thin (0,080 

inch) sections. 

Monoxide Glasses-Chalcogenide Glasses (Sulphide, selenide, telluride, 

arsenide glasses) 

The transmission of these glasses typically extends from the 

visible (As S ) )r near I.R. (selenides) out to the 12 or 19 
2 3 

micron region. Some of these chalcogenide glasses unfortunately 

are soft, have low melting temperatures, and are subject to cold 

flow. They are characterized by very low absorption coefficients 

and thermal conductivities, high expansion coefficients and re- 

fractive indices. 

Ionic Crystals CaF2,KBr,KC1 

Most of these crystals have good transmission and mechanical 

strength but poor (low) refractive indices and (high) thermal 

expansion coefficients. Many are hygroscopic, and as such show 

poor durability and transmission charactcristics with the passage 

of time in humid environments. As a class they have good trans- 
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mission in the visible through mid-L.R. regions.They are, however, 

subject to cold flow, and have poor durability and isotropy. 

Hot Pressed Polycrystalline Materials (from Eastman iiudak, and IRG 
materials from Schott) 

These generally show poor homogeneity and high scatter due t o  the 

existence of residual internal pores and grain boundaries between 

crystals. This renders them inappropriate for critical I.R. appli- , 

cations. In addition, preferred crystallographic orientation is 

c m o n  and results in directional variations in selected optical 

properties. 

~emiconductive-Mazerials (Silicon and Germanium) 

These semiconductive materials are both crystalline solids and 

are available as single crystals and polycrystals. Polycrystal- 

line forms of up to approximately 20 inches in diameter are made 

by crystal growth processes (the Czochralski and Bridgemann 

crystal1 growth methods). The high index of these materials 

results in improved performance of imaging designs. It might be 

convenient to have them in glass form to avoid some of the above 

mentioned problems of crystals and polycrystals. 

In summary it tan be seen that most previous attcrnpts to produce 

materials for use at long wavc1cnt:ths have rest~ltc?d in mntcrinls 

which wcrc inferior i n  other nspccts s i i c l ~  as inclcx, scnttcr, homo- 

geneity, or dt~rability. Many of Lhcsc arc also crystallinc forms 

whose anisotropic nature and directional properties are not desirable, 
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The semiccnductor mater ia l s  s i l i c o n  and germanium seem t o  be q u i t e  

des i rable  .5ecause of t h e i r  high r e f r a c t i v e  indices  and good t rans-  

mission p roper t i e s .  Further advantages might be gained i f  they could 

be o2taiced i n  the g lass  form. 

The various types of g lasses  cu r ren t ly  a v a i l a b l e  f o r  use i n  t h e  v i s i b l e  

region a r e  w e l l  known. It should s u f f i c e  a t  t h i s  po in t  t o  note  t h a t  

there  p resen t ly  e x i s t  bora te ,  and phosphate g lasses  a s  w e l l  a s  g las ses  

containing f l u o r i n e s  and f luor ides  which e x h i b i t  d e s i r a b l e  t rans-  

mission i n  t h i s  region. These g lasses  a r e  charac ter ized  a l a o  by 

des i rab le  p a r t i a l  dispersion v a r i a t i o n s  such a s  those described i n  

l a t e r  d iscuss ions .  Borate and phosphate g lasses ,  however, a r e  too  

unstable  t o  use and the f l u o r i n e  based ones, although useable ,  are 

s o f t ,  f r a g i l e ,  and read i ly  susceptible t o  weathering. These serve as 

prime examples supporting the  statement t h a t  a g l a s s  type ' s  des i r -  

a b i l i t y  is  dependent on more than simply i t s  index c h a r a c t e r i s t i c s .  

F ina l ly  the re  remain a few miscellaneous a p p l i c a t i c n s  f o r  g l a s s  

mater ia l s  a s  described below which may b e n e f i t  frola the  NR/SD pro- 

cess  because of i t s  p o t e n t i a l  f o r  praviding g l a s s e s  of improved pur i ty ,  

4.0 NON-IMAGING APPLICATIONS 

4.1 High Power Lasers 

Recent: aclvanca:, - i n  high power l a s e r s  have i d e n t i f i e d  physical  

c h a r a c t e r i s t i c s  of o p t i c a l  components which might not o r d i n a r i l y  be 
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cons ide red  f o r  the- same s p e c t r a l  r e g i o n  u s i n g  c o c v e n t i o n a l  s o u r c e s .  

The problem i s  p a r t i c u l a r l y  a c u t e  f o r  CO a p p l i c a t i o n s ;  t o  q u o t e ,  
2 

"There a r e  no p r e s e n t l y  a v a i l a b l e  m a t e r i a l s  which have a c c e p t a b l e  

p h y s i c a l  p r o p e r t i e s  f o r  a i r c r a f t  a p p l i c a t i o n s  a t  10.6 m a t  t h e  

3 
P 

power l e v e l s  and window s i z e s  of  i n t e r e s t , "  S i n c e  t h i s  p a r t i c u l a r  

a p p l i c a t i o n  i s  f o r  monochromatic r a d i a t i o n ,  d i s p e r s i o n  is n o t  i m -  

p o r t a n t ,  however, t h e  a u t h o r  h a s  i d e n t i f i e d  t h a t  low i n d i c e s  of re- 

f r a c t i o n  a r e  d e s i r a b l e .  Furthermore,  v e r y  low a b s o r p t i o n  a t  10.6 m P 
i s  mandatory. S ince  t h e  m a t e r i a l s  which t r a n s m i t  i n  t h i s  r e g i o n  

i n c l u d e  m e t a l s  and i n s u l a t o r s ,  t h e  a b s o r p t i o n  c a n  t a k e  p l a c e  a s  a 

r e s u l t  o f  d i f f e r e n t  p h y s i c a l  phecomena. S p e c i f i c a l l y ,  a b s o r p t i o n  

can  r e s u l t  from f r e e  c a r r i e r s ,  i . e .  e l e c t r o n s  and h o l e s ,  t h e  l a t t i c e  

s t r u c t u r e  of c r y s t a l s ,  imper fec t ions  and i n e l a s t i c  s c a t t e r i n g .  Since 

t h e  a b s o r p t i o n  c o e f f i c i e n t  i s  p r o p o r t i o n a l  t o  t h c  e l e c t r i c a l  conduc- 

t i v i t y  and t h e  s t r e n g t h  o f  t h e  E f i e l d  squared ,  metals and high con- 

d u c t i v i t y  semiconductors  a r e  n o t  s u i t a b l e ,  However, i n s u l a t o r s  and 

low c o n d u c t i v i t y  semiconductors  a r e  a p p l i c a b l e  s i n c e  t h e r e  a r e  not  

enough f r e e  c a r r i e r s  i n  t h e s e  m a t e r i a l s .  

L a t t i c e  a h s o r p t i o n  occurs  when t h e  t r a n s v e r s e  f i e l d  c a a s e s  t h e  

p o s i t i v e  and n e g a t i v e  i o n s  i 2  t h e  c r y s t a l  t o  move i n  d i r e c t i o n s  

o p p o s i t e  and r e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of  p ropaga t ion .  What 

happens i s  t h a t  cucrgy i.s t r a n s f e r r e d  from the cl t !ct  romrigmetic wavr- 

t o  t h e  c r y s t i l l  t he reby  caus ing  i t  t o  heat u p .  I f  thc NR/SD t+ccllniqt~e 
b 

f o r  m e l t i n g  c r y s t a l s  t o  form g l a s s e s  could  bc a p p l i e d  h e r e ,  then 
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e f f e c t i v e l y  t h e  l a t t i c e  s t r u c t u r e  would b e  u p s e t  and perhaps  t h e  ab-  

s o r p t i o n  phenomena could  be circumvented.  Absorpt ion  due t o  imper- 

f e c t i o n s  and i m p u r i t i e s  cou ld  3 l s o  b e  reduced w i t h  t h e  proposed 

methods. D i s c u s ~ i o n  o f  t h i s  p o i n t  and t h e  e f f e c t  o f  t h e s e  i m p u r i t i e s  

i n  o t h e r  r e g i o n s  of  t h e  spect rum a r e  d i s c u s s e d  i n  subsequen t  ~ e c t i ~ n s .  

4.2 Glass Lasers 

The use  of  g l a s s e s  and c r y s t a l s  f o r  h o s t  materLals i n  1.06 m P 
4: 

l a s e r  a p p l . i c a t i o n s  h a s  been summarized r e c e n t l y  by  a number o f  author a .  

3+ 
Some of  t h e  i o n s  which have been made t o  l a s e  i n  g l a s s  i n c l u d e  Nd , 

3+ 3+ 5 
y b 3 + , ~ r  , and Mo . Of t h e  c r y s t a l l i n e  h o s t s ,  y t t r i u m  aluininum 

g a r n e t  (YAG) is  t h e  b e s t  c o m m e r c i ~ l l y  a v a i l a b l e  m a t e r i a l .  Others  i n -  

c l u d e  t h e  r a r e  e a r t h  ox ides  and a r-umber ~ f  F l u o r i d e s ,  The advan tage  

t o  u s e  of c r y s t a l s  ovkr g l a s s e s  i s  t h e i r  h i g h e r  the rmal  c o n d u c t i v i t y  

and nzrrower f l u o r e s c e n c e  l i n e w i d t h .  The major  d i s a d v a n t a g e s  a r e  

d ,  i.ng i n h ~ m o g e n e i t y  and a n i s o t r o p y .  

Glasses  on t h e  o t h e r  hand can b e  doped more homogeneously b u t  

t h e y  have b roader  f l u o r e s c e n c e  i*,tes and lower t h e r m a l  c o n d u c t i v i t i e s ,  

A s  a  r e s u l t ,  t he rmal ly  induced b i r e f r i n g e n c e  and d i s t o r t i o n  o c c u r  

when they  are used a t  h i g h  powers and p u l s e  r a t e s .  Although t h e  

o rde red  s t r u c t u r e  of  c r y s t a l s  would b e  u p s e t  when t ransformed t o  a 

g l a s s  t h e r e b y  lowering t h e  c o n d u c t i v i t y ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  

a  g l a s s  wi th  h i g h e r  c o n d u c t i v i t y  t h a n  is  c u r r e n t l y  a v a i l a b l e  might be 

produced with t h e  NR/SP t echn iques .  C r y s t a l s  c u r r e n t l y  p o s s e s s i n g  



very high conduct iv i t ies  would the re fo re  be l i k e l y  candidates f o r  

g las s  l a s e r  host  mater ia l s .  

4 . 3  Coating Materials 

Refractory Oxide materials are p 3 t e n t i a l l y  some of t h e  most 

useftil coat ing mater ia l s  ava i l sb le .  They a r e  almost without exception, 

capable of producing the  hard,  durable chemically resistant f i l m s  

t h a t  a r e  required t o  meet s t r i n g e n t  m i l i t a r y  environmental epecif i-  

c a t  ions. 

The mate r i a l s  cover a wide range of r e f r a c t i v e  indices  from 

the  low of 1.46 f o r  SiOZ through t h e  higher values of 2.15 for  ZrO, 
L 

and 2.6 f o r  the  ruCile  fo rn  of T i 0  The matexials  t h a t  a r e  par t icu-  2 ' 

l a r l y  valuable a r e  the  medium index mater ia ls  A l  0 MgO, H f 0 2  which 
2 3' 

a r e  usefu l  Ln t he  design of durable broad band AR coat iggs.  

In  p rac t i ce  many of t h e  matexials a r c  d i f f i c u l t  t o  evaporate,  

Extremely high temperatures produced by e lec t ron  beam sources are 

required f o r  t h e i r  evaporation. A t  these high temperatures there is 

a s t rong tendency f o r  the  oxides t o  decompose i n t o  metals and sub- 

oxides, producing fi lms with excessive absorption. The chance of 

dccornposition i n  the  mater ia l s  i s  invar iably  s t ronger  i f  the mate r i a l s  

are  not i n  the  most pare form. 

The behavior of the mater ia ls  iq e lec t ron  beam sources i n  some 

cases can be e r r a t i c .  MgAl 0 i n  i ts  xa tu ra l ,  Spine l ,  form is s u b j e c t  
2 4 

t o  decrepitation and explosions d u e  t o  inc lus ions  and f a u l t s  i n  t h e  
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c r y s t a l  p a r t i c l e s .  This leads t o  very highly s c a t t e r i n g  f i lms  and 

f i lms  which may contain embedded p a r t i c l e s  of s u b s t a n t i a l  s i z e .  This 

is unfortunate  a s  M ~ A I  0 has some usefu l  p roper t i e s  pa . r t i cu la t ly  i n  
2 4 

t h a t  i t  forms f i lms with low i n t i r n a l  stress and forms hard f i lms  

without the  need f o r  high s u b s t r a t e  temperature during deposi t ion.  

We have recen t ly  performed experiments with the  evaporation 

of G . E ,  "Yttralox" mater ial ;  This ma te r i a l  i s  a mixture of Yttrium 

Oxide and Thorium Oxide (Approx. 9 : l )  i n  g las sy  form. Behaqior i n  

t h e  ;lectron beam gcn w a s  exce l l en t  and t h e  f i lms  formed were essen- 

t i a l l y  absorpt ion f ree .  The same mate r i a l s  as powdered chemicals are 

d i f f i c u l t  t o  manage and a r e  p r m e  t o  decompose anJ g ive  absorbing 

f i lms , 

Should o the r  r e f r a c t o r y  oxide mater ia l s  become a v a i l a b l e  i n  

g lassy  form, it  would be i n t e r e s t i n g  t o  explore their us$ a s  coat ing  

mater ia ls  and compare them with e x i s t i n g  forms. The r e s u l t s  of these  

experiments could be of extreme value t o  manufacturers and designers  

of mul t i l aye r  t h i n  f i lm devices.  

4.4 . Other Applications 

Other more recent  appl ica t ions  would be i n  the  use of c r y s t a l  

6 
modulators (e.g. Lj. th'um Niobate) . In tc rmcta l l i c  oxides have been 

developed fo r  usc w i t h  1:lscr radia t ion u s  mod~rlatoru or fut~ctiencrl 

simulators .  ' h e i r  pcrfarmancc dcpcnds on t h c t r  pt1ri.ty. I n  a d d l  tion, 

6 
semiconductor a l l o y s  (e.g. Galliur Arscnide) arc c u r r e n t l y  being 

used as  o p t i c a l  components f o r  the I.R. such a3 laser windows and 
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a c t i v e  element?. I f  t h e i r  p u r i t y  content  coula be con t ro l l ed  (not 

necessar i ly  el lnir ia ted)  szy by c o n t r o l l i n g  t h e  pur i ty  of the raw 

mater ia ls  only,  one could achieve des i red  o p t i c a l  e f f e c t s .  

5 ,C  IMAGING APPLICATIONS 

It seems poss ib le  t h a t  the  NK,'SD techniques m2y o f f e r  new methods for 

fab r i ca t ing  o p t i c s  with more of the  d e s i r a b l e  p roper t i e s  out l ined  i n  the 

previous discussions.  I n  any event,  t he  i n i t i a l  da ta  suppl ied fo r  the can- 

d ida te  g lasses  ind ica tes  t h a t  t h e  new g lasses  w i l l  a t  least be charac ter -  

ized by new n 'J combinations. Thus, t h e  p o t e n t i a l  app l i ca t ions  which 
D' D 

may stem from t h e  a v a i l a b i l i t y  of g lasses  with new index and d i spe r s ion  

proper t ies  w i l l  be discussed i n  the  remainder of t h e  r e p o r t .  
- 
I 

A review of Kingslake's descr ip t ion  of bas ic  o p t i c a l  design tech- 

niques suggests t h a t  t h e  provis ion of new g lasses  which exh ib i t  combinations 

of r e f r a c t i v e  index and d ispers ion  appreciably d i f f e r e n t  from those an t h e  

present n -L/ diagram may be expected t o  have a  d e s i r a b l e  impact on current 
d d 

o p t i c a l  designs,  Houever, the  exact na ture  of a l l  anticipated improvements 

and s impl i f i ca t ions  which might r e s u l t  from t h e i r  use may be d i f f i c u l t  t o  

rrmrnla+aly - ---t- - specify.  Be defines t h e  des igner ' s  "degrees of  freedomw as those 

elements i n  t h e  s t r u c t u r e  of a lens which a r e  a v a i l a b l e  f o r  change a s  a 

design i s  optimized. Included among the bas ic  "degrees of freedom1' are t h e  

r a d i i  of curvature of the sur faces ,  t h e  thicknesses and a i r  spaces,  and t h e  

r e f r a c t i v e  indices  and d ispers ive  powers of the component g lasses .  In 

addi t ion ,  the re  a r c  some secondary "degrees of freedomf1 based on e i t h e r  



c leve r  use of t h e  i n t e r f a c e  between two cemented su r faces  o r  t h e  use of 

symmetry. I n  p a r t i c u l a r ,  Kingslake descr ibes  the  following uses of i n t e r -  

faces  : 

1. 9 e  curvature of a "buried surface" o r  a su r face  which separa tes  

cwz media of equal  index b u t  d i f f e r i n g  d i spe r s ions  may b e  used 

t o  c o r r e c t  c h r ~ m a t i c  a b e r r a t i o n  without a f f e c t i n g  o the r  correc-  

t ions .  

2. An i n t e r f a c e  separa t ing  two media of equal d i spe r s ion  and very 

nearly equal index may be used to obta in  non-proportionate 

changes i n  ray  deviat ion with incidence he ight .  

3.  An i n t e r f a c e  of  weak curvature  which separa tes  two media of equal  

d i spe r s ion  but  widely varying index may be used t o  obta in  a pro- 

por t ionate  change i n  ray  devia t ion  with incidence l i g h t .  

The d e s i r a b i l i t y  of an increased v a r i e t y  of index and d i spe r s ion  combinations 

i z  thus r ead i ly  apparent. The s p e c i f i c  advantages of t h e  increased "degree 

of freedom1' may not  become d i s t i n c t l y  defined u n t i  1, through experience, 

the designer has had an opportunity t o  s e e  how t h e  new c h a r a c t e r i s t i c s  w i l l  

i n t e r f a c e  with c u r r e n t l y  ava i l ab le  ones. 

. . . . . .... 4 . .  . .. . _ .  
5.1  P a r t i a l  Dispersion. Charac te r i s t i c s  - n and .r/ 

Onc of the  obvious areas  which might c a p i t a l i z e  upon the in- 

creased v a r i e t y  of indcx and di  spexsion combinations is the improva- 

ment o r  s impl i f i ca t ion  of systems where achromatizatlon and correction 
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of secondary spectrum is a necess i ty .  

High N.A. systems such a s  microscope ob jec t ives  and low l i g h t  

l e v e l  lenses ,  a s  wel l  a s  long foca l  length lenses ,  such a s  recon- 

naissance systems and astronomical systems a r e  p a r t i c u l a r l y  plagued 

by problems of secondary spectrum,since t h e  magnitude of t h i s  aber- 

r a t i o n  increases  with foca l  length and N.A. 

In  the  pas t  the  designers  i n a b i l i t y  t o  con t ro l  t h e  e f f e c t s  of 

secondary spectrum i n  r e f r a c t i v e  designs made i t  necessary t o  use 

8 
a l t e r n a t i v e  r e f l e c t i v e  o r  c a t a d i o p t r i c  systems. Refrac t ive  systems 

a r e  r e a l l y  more des i rab le ,  however, because of t h e i r  smaller  s i z e  and 

l i g h t e r  weight. I n  genera l ,  they a r e  a l s o  e a s i e r  t o  package, can be 

read i ly  folded and can incorporate  an i r is  diaphragm and s h u t t e r  if 

required.  Thus with the  recent  in t roduct ion  of improvements in t h e  

cont ro l  of secondary spectrum r e f r a c t i v e  systems have become iycreas- 

ing ly  favored over r e f l e c t i v e  o r  ca tad iop t r i c  ones. 

The bas ic  problem associa ted  with these  systems stems again 

7 from the discussion of t h e  des igner ' s  b a s i c  techniques. s i n c e  the 

designer is  attempting t o  obta in  a system of f ixed  f o c a l  length (and 

usual ly  of f ixed s c a l e  as wel l )  any change i n  one "degree of treedcxn'; 

such a s  is necess i t a t ed  t o  go from co lo r  co r rec t ion  f o r  two wavelengths 

t o  co lor  cor rec t ion  a t  th ree  o r  more wavelengths,must be o f f s e t  by 

some other  change i n  order  t o  maintain t h e  constant  foca l  length 

des i red ,  When glasses  cu r ren t ly  s u i t a b l e  f o r  co r rec t ion  of secondary 

spectrum a r e  introduced i n  the system, required compensations impair 

t he  achievable degree of monochromatic and color  co r rec t ion ,  
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As is well known, if the primary axial color of a system is 

corrected, the numerical value of the secondary spectrum may be de- 

termined from a relation of the form 

r = (P -P )/(V1-V*) 
1 2  

where S = Magnitude of Secondary Spec- 
trum 

vi 
= Dispersion value of D light 
for the ith glass type 

and Pi =I (nD-nF)/ (n F -n C ' l i  1 

For a system corrected for C,F light this latter expression represents 

the D-F partial dispersion ratio of the ith glass type. Attempts to 

minimize this quantity result in the selection of glass types other 

than those customarily used in systems where secondary spectrum is 

9 
not detrimental, Although one would like to choose glass pairs for 

which h P (=P -P ) is very s.;rall and &IT (=V -V ) is very large, most 
1 2  1 2  

existing glasses which exhibit similar P values also exhibit similar 

V values (maximum AVS13). In addition, they are generally of 

relatively low refractive index. When such glasses are used in place 

of conventional ones which are inappropriate for the correction of 

secondary spectrum, the desigi~ will necessarily contain components 

of increased individual powers (in order to maintain the specified 

focal length) which results in inferior monochromatic performance 

and increased chromatic variation of aberrations, Many of these side 

efftcts such as spherochromatism, zonal spherical aberration, and 

8 

coma can be reduced at the expense of added complexity by selection 

of the proper lens form or adaptation or the use of asphcrics, 
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It would see,.l apparent t h a t  i f  secor~dary spectrum could be 

corrected by using g l a s s  p a i r s  of the  des i red  small  AP, l a rge  AV 

c h a r a c t e r i s t i c s ,  which were a l s o  of medium o r  high index, the  design 

and use of complicated forms t o  counteract  the  s i d e  e f f e c t s  cu r ren t ly  

associated with t h e  co r rec t ion  of secondary spectrum may n o t b e  neces- 

sary.  For example, Schott  Optical  G?:~ss Corporation recen t ly  in t ro -  

duced a  new medium index crown g lass  ca l l ed  LgSK-2 which e x h i b i t s  

much g rea te r  departure  from standard p a r t i a l  d l ~ p e r s i o n  values,  When 

considered i n  a design f o r  an apochromat, element powers were reduced 

6 
30% from previous designs. Figures 3a, and 3b e x h i b i t  some n vs  z/ 

curves f o r  var ious g l a s s  types including t h i s  new g l a s s ,  Table 1 

compares various p a r t i a l  d ispers ion  r a t i o s  f o r  some of t h e  same g lass  

types. 

Another f i n a l  example of the  types of p a r t i a l  d ispers ion  charac- 

t e r i s t i c s  which might be des i rab le  may be derived from Bystricky's 

work i n  1968. 
1 0 , l l  

A t  t h a t  time he t h e o r e t i c a l l y  inves t iga ted  the  

po ten t i a l  improveme~t of a s p e c i f i c  f a s t  multi-element photographic 

object ive (a d e s i g ~  of Bystricky) t h a t  could be achieved through t h e  

use of new glasses  which exh ib i t  unusual p a r t i a l  d ispers ion  charac- 

t e r i s t i c s .  A summary of h i s  approach i s  included a s  Appendix 11. 

In h i s  discussions 11c considered g lasses  which l i e  wi th in  tho inter-  

mediate range 01 nd and Vd combinations r a the r  than cxtrema glass  

types. By comput i n s  tllc rcsul  t a n t  encrgy d i s t r i b u t i o n  in tlre imago 

plane hs he varied the p a r t i a l  dispersion c h a r a c t e r i s t i c s  of only the  

glasses  used for  two separa te  components, he was a t l e  t o  determine two 



FIGURE 3a. 

COWARISON OF DISPERSION CURVES FOR A VARIETY OF SCHOTT GLASSES 

INDEX -. 

GLASS 

DENSE 

TYPES REPRESENTED INCLUDE: FLUOR CROWN, SPECIAC 

FLINT, TITANIUM FLINT, NEW GLASS TYPE LgSK2. 

SHORT FLINT, 



FIGURE 3b. 

- INDEX 
COM~ARISON OF DISPERIONS CURVES OF A VARIETY OF SCHOTT CUSSES 

GLASS TYPES REPRESEJSTED INCLUDE: BARIW- FLINT, -THANUL* FLINT, CROWN 

FLIm, EXTRA-LIGHT R.INT, PHOSPHATE CROWN, TITANIUM CROWJ. N N  GLASS 1.88 

TYPE LgSK2. 

I 



TABLE 1. 

COMPARISON OF RELATIVE PARTIAL DISPERSIONS FOR VARIOUS SCHOTT GLASS TYPES 

Glass T y p e  
APh,~ AP 91e AP 3) k- OP 

e 
AP 

e, d 
A P  d,c 

BaLKJ. .4514 1.002 .5437 .4573 .2385 .3042 

K 3  -4526 1.002 .5443 .4576 .2383 .3041 

ZK1 .4541 1.004 .5456 .4579 .2384 ,3037 

B a k l  .4552 1.007 .5470 ,4587 .2383 -3030 

L a K 3  

L L F l  

BaF2 

L a S K l  .4683 1.017 .5564 .4616 -2380 .3004 

S F1 .5280 1.072 .5980 .1738 .2364 .2898 

T i K l  .4529 1.002 .5441 .4570 .2384 .3346 

T i F l  .4312 1.026 .5632 .4625 -2376 2999 

K Z F l -  04692 1.017 .5564 .4612 .2379 3009 

SZ FS 1 , 4 7 2 9  1.020 .5581 . 4 6 J. 1 .2377 
,., . ,3012 

- .  
i,.. :* 
"d .,&, 
,Tp' 
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a l t e r n a t e  g l a s s  t y p e s  which cou ld  be used t o  s l i g h t l y  improve thc 

chromat ic  image q u a l i t y .  The index  valucs f o r  t h e s e  h y p o t h e t i c a l  

g l a s s  t y p e s  a r e  s p e c i f i e d  f o r  v a r i o u s  wavelengths ex tend ing  from 

360nm t o  760nm i n  Column 3 of  Tables  2 and 3. He. f u r t h e r  no ted  t h a t  

t h e  s u b s t i t u t i o n  of s e v e r a l  g l a s s e s  each e x h i b i t i n g  less s e v e r e  

changes of  t h e  same t r e n d  cou ld  be used t o  o b t a i n  t h e  same e f f e c t .  

I n  p r a c k 1 c  t h e  d e s i r e d  n a t u r e  o f  the  p a r t i a l  d i s p e r s i o n  v a r i -  

a t i o n s  v a r i e s  from d ~ s i g n  t o  d c s i g n .  Although i t  i s  p o s s i b l e  t o  de- 

te rmine  t h e  d e s i r e d  v a r i a t i o n  f o r  any g i v e n  d e s i g n  by a p r o c e s s  

similar t o  t h e  one R y s t r i c k y  uset. i n  1968, i t  is  time consuming and 

t e d i o u s .  Thus h e  sugges ted  t h a t  a l though  h e  is  no longer  a s s o c i a t e d  

w i t h  t h e  p a r t i c u l a r  d e s i g n  examined i n  h i s  o r i g i n a l  r e p o r t ,  one might  

t i r s t  try t o  develcp  g l a s s e s  w i t h  index v a r i a t i o n s  s i m i l a r  t o  t h o s e  

d e r i v e d  i n  t h a t  r e p o r t  s i n c e  t h e y  might  he u s e f u l  f o r  o t h e r  s i m i l a r  

photographic  systems and should  p rov ide  a n  i n d i c a t i o n o f  t h e  t y p e  of 

changes w h i c h  a r e  p r e s e n t l y  needed. 

5.2 S p e c i f i c  Forms 

Of t h e  c a n d i d a t e  g l a s s e s  under c o ~ s i d e r a t i ~ n  by NS/SD one 

would t h u s  s u g g e s t  t h e  d e s i r a b i l i t y  of p a i r i n g  a glass o f  t h e  Nb205- 

La 0 -Ta 0 r e g i o n  w i t h  one o: t h e  A1203  - La 0  -SiO r e g i o n  s ince  
2 3  2 5  2 3 2  

t h e y  a r e  a t  o p p o s i t e  ends of t h e  d i s p e r s i o n  curve .  T h i s  however 

would be  u s e f u l  only  i f  a p a i r  of s i m i l a r  Y vnlucs could  be o b t a i n e d .  

S i n c e ,  u n f o r t u n a t e l y ,  no i n f o r m a t i  on is y e t  avili lnl) lc nbou t the various 

p a r t i a l  d i s p e r s i o n  r a t i o s  wl~ ich  wvtt l t l  cl~;traclscrizc t h e  cnndidt l tc  



TABLE 2. 

lNDf!aS VALUES FO!'. BaF7 AP!E A DESIRED VARL~'LTIO?; VAK 5 

Indes  Index A Index x10 5 

BaF7 VAR .Ti daF7 - VAR 5 - -- ... 
2 1 3 4 
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g lasses ,  f t  i s  impossible t o  p red ic t  whether or  not t h e  candidate  

g lasses  w i l l  have p o t e n t i a l  f o r  t h i s  type of appl ica t ion .  It might 

be recommended t h a t  determination of t h e  P a r t i a l  Dispersion r a t i o s  

be completed as soon a s  poss ib le  s ince  t h e  range of app l i ca t ions  f o r  

%lasses  which might s implify or minimize t h e  problems c u r r e n t l y  associ-  

a t ed  with t h e  correc t ion  of secondary spectrum seems q u i t e  extensive,  

I f  t h e  information can be ~ b t a i n e d ~ p r e s e n t i n g  it i n  one of t h e  follow- 

ing  forms may give addi t ional  information a s  t o  the  p o t e ~ t i a l  useful-  

ness  of each of t h e  g l a s s  types. 

5.2.1 Form 1: Recmended by Max Herzberger 
12 

Define 

and * 
P* = (nF-n ) / (nF-nC) 
-'-* 

where nn = n a t  ;\ = 1 . 0 1 ~  f o r  a  given g l a s s  type 

and 
* 

n = n a t  = . 3 6 5 p  f o r  a given g l a s s  type; 

* +it 

and, Plot  P vs P  f o r  e .ch of the  g lasses .  

The diagram of some current  g las s  types i s  shown i n  Figure 4 .  

With these  d e f i n i t i o n s ,  the  achromatic p roper t i e s  of  tllc glas.:es 

may be determined a s  follows: 

1. Two glasses  may be used t o  design an achromat-doublet 

c o ~ r c c t c d  Eor two co lo r s  - i f  they are far enough apor t  

on t h i s  p lo t  so  the  components have reasonable powers. 
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2.  Any two glasses lying on a horizontal line may be used to 

design an apochromat corrected toward the violet region. 

Any two glasses lying on a vertical line can be used to 

design an apochromat corrected towards the infrared. 

3.  If three lens elements made of different glasses ate used 

and the three characteristic points lie on any arbitrary 

straight line, one can design a superachramat (corrected 

for 4 colors) for systems of limited field angles. 

  his graph however, gives no clue as to the complexity or qua l i ty  of 

the design which must be used in each case. 

5 -2.2 Form 2: Recommended by Jan Hoogland 
9 

Define I x = 11% = (nF -nCf) j(ne-1) 
9 

and Q = Y-Y,, 

where a and b are determined by any chosen boundary conditions, 

Hoogl~nd, for example, recommends thct the line pass through points  

corresponding to glass types SK16 and SF2 (Schott). With these defi- 

nitions a plot of the (x,Q) points for each glass type can be made. 

such a diagram using some current glass types is sl~own in I?i8ure5. 

h detailed expla.t~ation of use of t h i s ,  diagxam is contained in Ap~an-  

d i x  1. ~ h c  powers of component lenses required to make an apochrmat 



Fig. 4. 
PLOT OF P** AGALIST P* 
FOR VARISUS MATERIALS 

DEVIATION FRCM N9RMAL PARTIAL DISPERSION VERSUS DISPERSION 
Figure 5 .  
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corrected for C', e, and F' light may then be readily determined with 

the help of the graph. The magnitude of the powers gives an idea of 

the complexity and quality which can be expected in a lens. 

5.2.3 Form 3: Recommended by Karl Bystricky 10 

Supply indices at the wavelengths listed below so the data 

may be interpreted in terms of a deviation function defined by 6 X  
N 

which is related to the Abbe number, , and partial dispersion, 

Here 0 and D are constants for a wavelength ) =  & . Index info-- 

tion is required at the following wavelengths in order to determine 

B ~ , D ~ ,  and 6 X *  

Using the deviation function, Bystricky can then apply his system for 

determining the expected indices at intermediate wavelengths and thus 

determine any desired partial dispersion ratio. Appendix I1 describe8 

his approach Ln more detail, 
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5-3 Other Desien Considerat ions  - n only 

5.3.1 Aberrat ion Correc t ion  wi th  High Index Mater ia l s  

Even i n  systems where c o r r e c t i o n  of secondary spectrum i s  no t  

r equ i r ed ,  an  increased  v a r i e t y  of  index and d i s p e r s i o n  combinations 

would enhance t h e  des igne r ' s  a b i l i t y  t o  c o r r e c t  o the r  a b e r r a t i o n s .  

Two s p e c i f i c  a r e a s  which might ( i n  t h e  opinion of ~ i n ~ s l a k e !  b e n e f i t  

i nc lude  t h e  des ign  of anas t igmat ic  photographic o b j e c t i v e s  and the  

design of a p l a n a t s .  

For a system of s epa ra t ed  t h i n  l enses  i n  a i r  each of  f o c a l  

l e n g t b .  f ,  and index,  n ,  t h e  Pe t zva l  sum may be def ined  a s  follows: 

Pe t zva l  Sum = 1 L when j = e f f e c t i v e  r a d i u s  of 7 - K  curva tu re  

7 
Kingslake s c a t e s  t h a t  t h i s  may be regarded a s  an i n d i c a t i o n  of t h e  

expected r e s i d u a l  f i e l d  cu rva tu re  which remains i n  t h e  c e n t r a l  f i e l d  

of a  l ens  a f t e r  t he  as t igmat ic?  has  been removed. Conversely t h i s  

sum may be  taken  a s  a n  i n d i c a t i o n  of  t h e  amount of r e s i d u a l  astigma- 

t i s m  which may be expected 2fte.r t h e  meridiondl  f i e l d  locus  has been 

f l a t t e n e d .  Thus t o  ach ieve  a f l a t  f i e l d  f r e e  from asti.gmatism such 

a s  i s  d e s i r e d  i n  anas t igmat ic  photographic ob jec t ivcu ,  this s tun must 

be  minimized. One technique h e l p f u l  i n  achieving t h i s  is  t o  p a i r  

h igh index low d i s p e r s i v e  g l a s s  wi th  low indcx h,igh d i s p e r s i v e  g l a s s  
7 

Increas ing  t h e  v a r i e t y  of a v a i l a b l e  g l a s s  typcs w i l l  thus  incrcase 

t h e  v e r s a t i l i t y  of t h i s  tech. ique. 

I n  a d d i t i o n ,  Kingslake d i scusses  t h e  des ign  of  a p l a n a t s  ( l e n s e s  

Cazh.~.  . 
coi-rccted f o r  spl~criccll.  a b e r r a t i o n  and -) us ing  convcn- 



t i o n a l  crown and f l i n t  g l a s s e s .  There z x i s t  s e v e r a l  c u r r e n t  wzys 

t o  c o r r e c t  t h o s e  a p l a n z t s  f o r  one a d d i - . i o n a l  a b e r r a t i ~ n ,  ch romat ic  

a b e r r a t i o n ,  one of which uses t h e  "bur jed  s u r f a c e f f  idea. He further  

s u g g e s t s  t h a t  a c h o i c e  o f  d i f f e r e n t  g l a s s e s  (high index low dis- 

p e r s i o n  and l o v ~  Lndex h igh  dispersion) would be a more d e s i r a b l e  

approach.  Ex tens ion  o f  t h e  v a r i e t y  of a v a i l a b l e  iadex and d i s p e r s i o n  

cornbin;tions may t h u s  f i n d  . a p p l i c a t i o n  h e r e .  

The e x i s t e n c e  of iz~ i n c r e a s e d  v a r i e t y  o f  h igh  index g l a s s e s  

i r r e s p e c t i v e  of  t h e i r '  d i s p e r s i o n  p r o p e r t i e s  may i., itself b e  an ad- 

van tage  t o  l e n s  d e s i g n  chiefly because i t  e n a b l e s  one t o  use i n d i v i d t r a l  

c o m ~ o n e n t s  o f  l e s s  s e v e r e  c u r v a t u r e s .  It h a s  bee3 observed13 t h a t  

image fo;ming s y s t e r ~ s  designed f o r  u s e  i n  the I.R. w i t h  components 

oE h i g h  index semiconductor  m a t e r i a l s  such a s  Germanium and S i l i c o n  

are of a p p r e c i a b l y  s u p e r i o r  q u a l i t y  t h a n  comparable & l a s s  syst-ems 

p r i m a r i l y  because  oZ t h e  weak cgrvacurea  which caa 5e used.  Unfortu-  

n a t e l y  l o s s e s  slue K O  F r e s n e l  r e f l e c t i o n s  a t  boundar ies  a r e  c o n s i d e r -  

ably h i g h e r  as i n d i c a t e d  by t h e  f o l l e w i n g  relacion. 

R = r e f l e c t i o n  c o e f f L i e n t  

lV1 index of media a f t e r  refraction 
boundary 

N index c~f laedia b e f ~ r e  r e t r a c t i o n  
b o u n d ~ r y  

S p e c i a l  a n t i r e f l e c t i o n  c o a t i n g s  a r e  thus  n e c e s s i t a t e d  t o  keep t r a n s -  

miss ion  l e v e l s  h igh .  
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Zoom lens  des igns  might pcc? ib ly  b e n e f i t  from t h e  a v a i l a b i l i t y  

of h igh index g l a s s e s  s i n c e  the  des igner  u sua l ly  aims a t  n ~ a i n t n i n i n g  

cons tan t  values  of t h e  var ious  a b e r r a t i o n s  of t h e  zoom p o r t i o n  of  

t h e  system whi le  t h e  f o c a l  l eng th  i s  va r i ed  and t h i s  p rocess  i s  a ided 

by t h e  use of r e l a t i v e l y  weak s u r f a c e s  and narrow beam d iameters .  
7 

Other systems which might b e n e f i t  from t h e  a b i l i t y  t o  reduce 

t h e  curva ture  of t h e  component su r f aces  would be  systems such a s  

Spectrometers,  Monochromators, and Po la r i z ing  Microscopes where t h e  

i nc iden t  l i g h t  is po la r i zed .  l4 When p lane  po la r i zed  l i g h t  i s  i n c i d e n t  

ob l ique ly  on a l e n s  s u r f a c e ,  t h e  components i n  t h e  piane of  inc idencc  

and perpendicular  t o  t h e  p lane  o f  incidencc a r e  trar.amittttd i.n d i . f f cr -  

ing degrees.  The r e s u l t  i s  e i t h e r  a  change in t h e  p lane  of po ln r i za -  

t i o n  ( f o r  l i n e a r l y  po la r i zed  l i g h t )  o r  t h e  state of  t h e  po lad - i - i t i on  

( f o r  c i r c u l a r l y  po la r i zed  l i g h t )  ac ros s  t h e  a p e r t u r e .  Thts e f f e c t  is  

c u r r e n t l y  t r e a t e d  by use  of a n t l r e f l e c t i o n  coa t ings ,  b u t  could be  

decreased by reducing t h e  necessary curva tures .  

It  has  a l s o  been r e c e n t l y  aot iced15 t h a t  t h e  a b e r r a t i o n s  i n t r o -  

duced by t h e  i n s e r t i o n  c f  a f l a t  t r anspa ren t  p l a t e  i n t o  a focused 

beam can be minimized by us ing  g l a s s  of very high index.  This is  

b a s i z a l l y  because i n c i d e n t  r ays  f o r  a p l a t c  of very  h igh  r e f r a c t i v e  

index w i l l  pass through very c l o s e  t o  normal. ' Thus all r a y s  tend t o  

be nea r ly  p a r a l l e l  and n e i t h e r  tend t o  foctis whi le  i n  thc? platc ,  nor 

develop any a b e r r a t i o n s .  A tablc. from t h 2  rcfercncc (Table 4) f s  

included which l i s t s  the  normalized loqg i tud ina l  :;phcricaI a b e r r a t i o n  
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introduced b y  t he  i n s e r t i o n  of a f l a t  t r anspa ren t  p l a t e  i n t o  a focused 

beam f o r  var ious  h a l f  ang les  6 . The a s t e r i s k s  r e p r e s e n t  t h e  wors t  

choice  r e f r a c t i v e  index va lue  f o r  each case .  The s tepped s o l i d  l i n e  

i n d i c a t e s  index va lues  f o r  which a f l a t  p l a t e  w i l l  produce less 

s p h e r i c a l  a b e r r a t i o n  than a f l a t  p l a t e  wi th  r e f r a c t i v e  index of 1.2.  

Many of t he  candida te  g l a s s e s  i nd i ces  are above 2.0. It can be seen  

from the  Table t h a t  p l a t e s  of  such index w i l l  y i e l d  improved perform- 

0 
ance a t  h a l f  ang les  g r e a t e r  than 53.1 . Thus many h igh  N.A. 

systems which r e q u i r e  windows -light b e n e f i t  f t m  the a v a i l a b i l i t y  

of t h i s  hFgh index g l a s s .  They might a l s o  b e n e f i t  d ry  microscope 

o b j e c t i v c  systems which r e q u i r e  t h e  use  of a cover g l a s s  as discussed 

later. 

The b e n e f i t s  of t h e  use of weaker s u r f a c e s  a r e  no t  l i m i t e d  t o  

t hese  erhmplcs however. One would expect  them espec-lally t o  i n f l u e n c e  

t h e  design of l e n s  of h igh  speed and Large s i z e  which c u r r e n t l y  

n e c e s s i t a t e  components of high curva ture .  S ince  most cand ida t e  g l a s s e s  

a r e  of high index,  they might f i n d  such a p p l i c a t i o n s  i f  they are s t a b l e  

and can be produced i n  l a r g e  s i z e s .  

Another i s o l a t e d  a p p l i c a t i o n  which could b e n e f i t  from g l a s s e s  

of an increased v a r i e t y  of intiex might be  t h e  u n i v e r s a l  stage which 

is used with  p o l a r i z i n g  microscopes t o  a l low r o t a t i o n  of tlre specimen 

.' about s e v e r a l  a x i s  through i t s  cen te r .  
14 

This is important  f o r  d c t c r -  

mining the  o p t i c  axes and p r i n c i p a l  r e f r a c t i v c  i n d i c e s  of the specimen, 
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The specimen when observed on t h i s  s t a g e ,  i s  immersed i n  a l a y c r  of 

index matching f l u i d  and loca ted  a t  t h e  c e n t e r  of a p a i r  of g l a s s  

hemispheres a l s o  s e l e c t e d  t o  approximate t h e  index of t he  s p e c i m e ~ .  

The bas i c  idea  i s  t o  keep t h e  r e f r a c t i v e  e f f e c t s  of t h e  specimen's 

surrounding media independent of  r o t a t i o n  s o  t h a t  only  specimen 

e f f e c t s  a r e  observed. It  would seem t h a t  an increased  v a r i e t y  of  

r e f e rence  hemispheres would inc rease  t h e  type  of samples which could 

be  a c c u r a t e l y  observec.  The a p p l i c a t i o n ,  however, h inges  on t h e  de- 

velopment of matching in3ex f l u i d s  as w e l l  s i n c e  t h e  p re sen t  supply  

of h igh index f l u i d s  iL l imi t ed  and most e x h i b i t  c o l o r .  

5.3.2 Var iab l~?  Index 

If i n  a d d i t i o n  t c  c r e z t i n g  g l a s s  of  d i f f e r e n t  i nd i ces  it was 

found t h a t  t h e  proposed NR/SD process  could produce g l a s s  of c o n t r o l l a d  

i22ex s t r a t i f i c a t i o n ,  des ign techniques might a l s o  b e n e f i t .  

It has  5 0 ~ ~  determined t h a t  t h e  d i s t r i b u t i o n  of  t h e  index o f  

ve f r ac t ion  si the c r y s t a l l i n e  l ens  of a r a b b i t  eye may be desc r ibed  

tjg a r e l a t i o n  of  t h e  f o l i m i n g  form: 

2 2 
n a n o - 1 Z' 6%2 + (X +Y )/B* 1 where 

I. -2 X i a t e r a l  axis coord ina t e  

Y v e r t i c a l  a x i s  coo rd ina t e  

rr refr:lctivt. index a t  the cantor 
0 of t l l c  let la 
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When rays  were t r aced  through t h e o r e t i c a l  models e x h i b i t i n g  t h c  ramc 

d i s t r i b u t i o n ,  the Iczs seemed t o  e x h i b i t  decreased s p h e r i c a l  aber-  

r a t i o n  and increased  r e f r a c t i v e  power r e l a t i v e  t o  a uniform, n  
0' 

index l ens  of t h e  same shape,  In order  Co minimize s p h e r i c a l  aber-  

r a t i o n s ,  t h e r e  is a n  optimum r e l a t i o n s h i p  between no and n  of  t h e  
6 

c r y s t a l l i n e  lens .  l6 Thus i t  would seem t h a t  any system which b e n e f i t s  li 
?I 

from reduced cu rva tu re s  cou'ld s i . a i l a r l y  bene f i c  from components of  cQn- 

t r o l l e d  ind2x. 

I n  a d d i t i o n ,  t h e  use of graded index c y l i n d r i c a l  g l a s s  rods 

a s  low r e s a l u t i o n  imaging r e l a y s  has  r e c e n t l y  been in t roduced ,  17 

Two d i s t r i b u t i o n s ,  t h e  pa rabo l i c  and t h e  hyperbol ic  s ecan t ,  have 

been suggested as ;ample d i s t r i b u t i o n s .  They a r e  d c s c r i b c i  as fol lows:  

1. pa rzbo l i c  

2 2 
n(r )  = n* (1- 112 oc r ) 

2. hyperbol 'c s ecan t  

n (p )  = nA sech (ftI.) 

where n = r e f r a c t i v e  index 

P = d i s t a n c e  t c  u p t i c a l  a x i s  

n = indzx on t he  op t i . ca1  a x i s  
a 

a ( =  ~ T / L  

L = wavelength along t h e  o p : i ~  t - i s  of 
t h e  small umplitn .le o s s i l l a t i . o r s  
01 the  r a y  pa th  about the o p t i c  axis 



- Some graded index rods of the parabol ic  d i s t r i b u t i o n  have been made 
- 

18 
by ion-exchange techniques. The in t rodcct ion  of t h e  use of  such 

rods led t o  an inves t iga t ion  of t h e i r  imaging qua l i ty .  n e  image 

aber ra t ions  noted for  these r e l ays  3re a funct ion of the rod r a d i u s , - .  

-. objec t  r ad ius ,  and ape r tu re  angle. ; Thus one would expect t h e  ideal 

desired d i s t r i b u t i o n  tc vary from case t o  case. No ideal  distribution- 
- - . - 

has been de teminod yet which w i l l  r ~ o v i d e  good imaging of both 

meridional a d  skew rays ,  but ana lys i s  of the problem is continuing, 

The production of these -rods w i l l  r e q u i r e  precise con t ro l  of the 

r e f r a c t i v e  - fndex prof f  l e  r a t h e r  t'nan con t ro l  of absorpt ion and scatter 
- - 

proper t ies  as is necnssary f o r  wave guides,  However, if t h e  irtsging 

q u a l i t y  c+n be  rendered comparable t o  t h a t  of a lens r e l a y  v i a  coztpu- 

t a t i o n  of t h e  proper d i s t r i b u t i o n ,  the rod relay w i l l  exhibit advantages 

- - over t h e  lens  relay s i m i l a r  t o  those out l ined  i n  the ensuing discus- 

sion of fiber o p t i c  bundles. 

In  add i t ion  t o  the usefulness  of h igh  index g l a s s  toward the 

-. . d e s i g n o f  b e t t e r  q u a l i t y  systems the re  arc a few conceivable cases 

including oil-immersion microscopes and f i b e r  o p t i c  bundles, where - 

: it may be used t o  obta in  systems of higher numerical ape r tu re ,  

I n  microscope systems t h e  numerical ape r tu re  is a measure of 

the  r e so lu t ion  as w e l l  as the l i g h t  gathering a b i l i t y  of t h e  object ive.  
7 

- 

If S represents  the  smal les t  resolvable  separa t ion  and N.A. r ep resen t s  

the  numerical .aperture then.. 

S = 3 1 2  N.A.  



Thus it T J O U ~ ~  appear t h ~ . t  an l;?crease in N.A. would be  a d e s i r a b l e  

o b j e c t i v e  due t o  t h e  associated i nc rease  i n  r e s o l u t i o n .  The cover 

g h s s  xhich p r o r c c t s  a;id h o l d s  the specimen is an :nherent pa r t  of 

the nicroscope syste?. The development of t h e  o i l  immersioc micro- 

scope grew from t i e  f a c t  that by c ~ v e r i n g  t h i s  g l a s s  s l i d e  wi th  index 

matching f l u i d  one could i n c r e a s e  t h e  effective useful cone of l i g h t  

emerging from the objec t ,  by eliminating refraction at t h e  air glass 

i n t t r f a c e  above the glass cover.  Since the N.A. may be def ined as 

the product of  the  index, n, of  the media i n  which t h e  o b j e c t  lies, 

tines the s ine  of the half  angle ,  Uo , which d e f i n e s  the l i m i t i n g  

useful cone of light e n t e r i n g  the o b j e c t i v e ,  

?.I = n s inu,  

the nvqerical aperture of the  oil.  i m e r s i o n  objective is thus higher 

than its countertwrt  d r y  objective. C u r r e n t l y  covers  and f l u i d z  o f  

index 1.5 are used and t h e  practical I i n i t  of  achievable %is about 

71°. Such r combination e x h i b i t s  a nvrrzricaI a p e r t u r e  of 1.40. It 

would  seem t o  fol low that i f  both cover g l a s s e s  and immersion f l u i d s  

could be ob ta ined  with h igher  index va lues ,  t he  achievable N.A. and 

thus  r e so lu  Lon could  be increased still more. A3 w a s  prevlouslp 

mentior led,  hove; -, , use fu l  h igh  index f l u i d s  are fiat c u r r e n t l y  avai-1- 

ab 2e. 

The nclmerical .zperture of a stra:.ght fibcr opt i c  bundle oE 

core matcr ia i  of : i z ~ d c s ,  n and clndding mater ia l  of indcs, n is 
1' 2'  



defined by - the  following re la t ion:  
I 

N.A. n - n  
2 

1 - 2  

t h a t -  t'le diameter is much greater than a wavelength. Thus 

- the  development of high-index glasses for use as core mater ia l  or - 

low index @asses -for use as cladding material might enable the 

formation of f i b e r  -- o p t i c  bundles of increased numer5cal aperture, 

It has a l s o  been determined t h a t  a greater  var ia t ion  i n  ikdex between 

the core and sheath materials increases the degree of bending o r  

. tapering of a fiber -which may be tolerated without detrimental trans- 
-- . . , . 

., 
mission losses. 

. - 

Although t h e  f i e l d  of Fiber Optics has devcloped g r e a t l y  i n  

recent years, its full potential may not yet be ful ly-  achieved, When 
- - .  ' I  

. 
used as a s t r a i g h t  rod for transmission of l igh t  ,. the i f iber  optic 

8 I 
I I 

8 I 

- bundle may be superior t o  an a l t e rna t ive  lenr syst&;' , ' ior t h e  following 

reasons : 
19 

1. The system has the  capabi l i ty  of achirv!ir ; a 90° - 

- .  , , . . 
! , . >  

< , : .,, 

2. The cladding mater ia l  necessary t o  pke+~nt "frus t ra ted  
, \ ,  , 
\ > 

total- interne.1. reflection!' a l s o  . ser&k . ,. I d ~ !  3 protect ive  - 
I . , I  

. . 

shie ld  for the  bundle. Thus bundles iwly ile clamped, 
- . < -. . ,, 5 , 

. potted in resin, o r  lubricated w i t h o u d . : d c c ~ - i m e n t h  
3 - 

1 

ef f cctr, and mounting cons.iderations , thus ,  i re consider---. 
; ' ' ~ <  

1 . . 5 .  . 

- a b l y  cssicr. I ( '  

I - !  ; - 
I I 
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3,  Since only the  ends of the bundle need positioning, 

ra ther  than several  component elzments, t h e  alignment 

of a bundle is  eas i e r  than t h a t  of a l e a s  relay,  

4, Transmission losses from a s t r a i g h t  l ine  l i g h t  guide 

r e s u l t  from the  packing function, Fresnel- losses a t  the 

end faces, and absorpiion within the glass. In general, 

i f  compared t o  a Four or more element l ens  relay (un- 
a ~ 

coated) which s~ffers Fresnel Z&ses at each surface, 

the  f i b e r  op t ic  bundle w i i l  yield b e t t e r  transmission 

a1 though t h e  spec t r z l  d i s t r ibu t ion  of the incident  

l i gh t  may n o t  be preserved, 

5 .  Since t h e  ccmponqnt f ibers  of a hundlz may be arranged 

in any desired configuration, the  bundle ends may be of 

d i f f e r in3  shape but  equal cross sect ions;  thus they may 

easily be ased t o  e i t he r  e;sentially change the  shape 

of an il luminating aperture,  ox convert a single il- 

luminating source i n t o  several  e f f ec t ive  ones. 

Applications, which cap i t a l i ze  on these f i v e  propert ies ,  

already exist for s-traight  l i n e  fibers and it would seem t h a t  the 

range oE applicat ions would be extended i f  only transmission pcr- 

formance could be maintained for curved or ' tapcred fibers.-  



For example, there cur ren t ly  exists a need for hfgh N.A. fiber systems 

capable of withstanding extre~e tapers o r  bendings carlei! "twi.;tersW 

t o  be used i n  conjunction with image i n t e n s i f i e r  systems t o  obta in  

an erect image. It has been empir ical ly determined t h a t . a  new glass 

of index 2.2 o r  higher with a transnilssion loss i n  the visible  of 

less than 2 db/meter could be rrsed i n  ccnjrmction wit' -xisting =la& 

ding glasses  t o  o b ~ a i n  a buhdle capable cf maintaining desired trans- 

0 
k i s s ion  cha rac t e r i s t i c s  while  twisted 180 over about  a 2" length, 

Many of- the candidate g lasses  exhibit index values over 2.2, 

However, t h e i r  a p p l i c a b i l i t y  r~ward use as f i b e r  optic core material 

is dependent on many other fac to r s  as well. The mate r i a l ,  f o r  example, 
-- -- 

must show extremely l o w  s c a t t e r  and low absorpt ion over t he  desired 

spec t r a l  -ange. Often, when used w i t h  C.R.T. devices,  the-glass 

must 'be compatible with that of the  envelope of  the C.R.T. itt order 

t o  be useful .  More importantly, however, it must be  capable of with- 

standing t h e  mul t ip le  reheating cycles involvecl i n  t h e  present manu- 

fac tu re  of f i b e r  bundles without 1osir.g its oxass properties. mring 

these reheating cycles the core material is in contact w i t h  the clad- 

ding material. Because of these drawbacks it is  premature t o  Jetcnafne 

whether any of the candidate g lasses  would be useful  in fiber optic 

applications or not. 

6.0 CO?FCLUSTO?l I 

As idcnt i f i c d  prcviously ,  many a p p l i c n t  ions exist wl~cra knowlcdgs of n 
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at a single wavelength is a t1  that suffices. For applicatioas where optical 

design effort is required, it is mandatory that n be determined at m - q y  

wavelengths in the region of interest to a precision comparable to currerit 

-6 
measurements of +S - x 10 . From a practtcal point of view the physical 
as well as the -optical properties should be known so that materials can 

find broader applications, particularly i u  hostile environments, 

- A logical development from' the wor3: already achieved would be  the 

production of small samples in the 12-25m diameter size range under '0'  

g conditions'. It is conceivable that this could be accomplished with an 

Aerobee payload. Sanples of the size indicated could then be fabricated 

into plane parallel test specimens for the measurement gf homogeneity, 

expansion coefficient, etc. In addition, prisms -could be fabricated so . ,  

that precise index measurements could be made. These experiments would ,. 
. establish two necessary conditions f o r  subsequent work. First, they would 

demo~strate the f2asibility cf containexless melting for the production of 

glass much larger than with the current laser melting experiments. Second, 

. the optical data could be used by the designers for computing specific 

improvements in. standard less fonns such as in an astronomical objective 

or transfer lenses. Furthermore, the propertfes would allow assess- 

ment of the applicability of the material for use under different cnviron- 

mental conditions. 
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APPENDIX I - 

 his discussion describes the specific use of the char t  proposed by bogland. 

The chart, Figure 1-1, characterizes the varlous glass  types by the i r  .(X,Q) 

point where 

These indices are those of a particular glass type a t  the indicated wavelengthe. 5 

~f NO t h in  lenses are used i n  contact t o  form a th i rd  composite lens, the 

composite hypothetical lens may be thought of as being characterized .by an (X,Q) 

point a lso where the indices i n  question are t h e  effectrve i n d l c ~ s  of the c o w  3 ,  
posite lens. The following derivation explains the r e l a t ion  between the distances 

between these three points as measured from the  charE and the ratio of the powers r 

of the two component lenses. The following notation is adopted: 

tij represents the power of a lens of the f t h  g lass  type a t  the j t h  wavelength. 

A i j  represents the index of a lens of the 5th glass type a t  the  jth waveZen8th. 

qi j represents the quantity (c - cq) of tbe lens formed from the i t h  glass 1 

type. cl, c2, represent the curvatures of the two lens  surfaces. 

As an exunple, 4 53e represents the power of a Lens of type 53 a t  the  e l i ne  

and tARo represents the power of an a r t i f i c i a l  glass a t  the  sme line, The 

a r t i f i c i a l  glass could be selected from one of potential  NR/SD candidates. 



Thvs for a t r i p l e t ,  the elements would have powers given. by: 
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Since the distances may be easily measured, t h i s  rakio is easier to  use than 
f l  

'I 
that of the dif  f eranr X values. 

! - 

In  further ezpltanation, i f  a camhination i a  to  be an apochromat corrected for  I 

- 

s, F$ c l  lighc, its focal  lengths mst be e o t a l  a t  these wavelenp?h@. If l t s  
I 

+ 

I 
I 

where these indices represent t h e  effect ive index of the combIration.-- 
I F 7 .  

I '- 
i i :t Thus, the hypothatfcal (X,Q> poi= frr the apochromat met be. ( o ~ n )  rince i 1 f - ! , . 

-. - 
The foilowiag excerpt from Reference 3 is enclosed t o  demonstrate the c a l c u h t l o a  i 

i :; . . 
1 of the indivgdual powers for one apochxomst design: = 

*'The powers .required for  an apochromat consisting of, f o r  example, the glasses 

PSK 53, SF 11, and . - KzFS 5 a re  determined as follows: 

1 
+ 

.I ' The distances c ,  f ,  g, and h &e measured (Fig.1-1) Then the r a t i o s  j and k ate 

Firs t ,  an a r t i f i c i a l  glass consf.sting of PSI( 53 and SF 11 i s  formed a t  pcint A, 
, 
! 

the respective powers being 
i 

53 



Then the artificial glass is cc nbined wi th  KzFS 5 to form an achromatic com- 

binat ion  at pcint  ((2,553) and thc tal Tower is tsken as unity: 

The combiaation is rpochromatic because the components have the saute P value. 
-._ 

9or a shor: fom.llation of the end result, one defines r = 1 -0.72 
j + k + j k + l  

It follows that 



FIGUFE 1-2 

RELATION BETWEEN DISTASCE RATIOS AND RATIOS OF FIGURE 1-1 



Eystricky has shown how a new system caz 5e developed which allows specification 

of the refractive index of any glass type at any given wavelength if given prior 

knowledge of four ( ~ r )  five proper constdntss H i s  approach essentially involves a 
30 

refinement of Gef f cken's dispersion fatmula. 

where ox represents the refractive index of the glass at 

represents the refractive index of the glass at 

jt represents thz refractive index of the glass at 
1 

Qr 8, represent uaiversal constants which are depeadent only 

Ax 

SX is defined as the deviation funcxtnn whish describee the 

non linear variation of Px for any glass type. 

M t e r  dividicg  through by n2 - q., the partfd dispersion value P becomes 
X 

Since for certain "normal glasses" the  variation of P w i t h  fl is linear and the 
X 

deviation function is zero, errhmtes of B a d  I) ;may be made f r o m  the follovhg 
X X 

relation D' = P, [ R e f .  I) - P, (Ref,2) 
X - B P.. (Ref.2) - P vX (Rcf.2) 

X - X - -X - 

y J ( ~ c ~ ,  I )  - ~ * k e ~ .  2) 
where, Ref. 1 represents the se2ected rrcrma.? reference glass type #la and R e f .  2 

represents t h e  selected norrrral refererice glass type 82.. 



These calculations Mall be valid if the index values n 
X '  "1, and n2 of t h e  

reference glass type9 can be accurately determined. Bystricky recoolwends the 

use of Schott Glass Types F2 and K 7 ,  the selection of the b a s i c  wavelength 

pair  XI - 567.6m and A, = 404.7nm or = 5'17.6nm and A2 = 106.Snm, and the 
C 

use of Schott's  dispersion for the most accurate de'.,zradnation of these .constants. 

(Schott's Dispersion ?ocmula is as follows: 

where the A are state6 cmstarrts which are different for every glass). 
i 

14, + A ,  h .I + A x + A, A* + A, 2-* + A s  h-' 
secondiy, he hypothesiaes that there e x i s t s  a bounded wavelength regicn over which 

the variation of the deviat ion function appears linear for all glass types when 

plotted against some pz.>perly d is torted wavele~>ath s ~ i d c .  The slope describing 

the variation f o r  any given glass type nay be detemin2d from known values oP 

the deviat ion function for  thz t  glass type (and thus knowledge of the rc fr scr i~>  

indices of the glass) at thebc...ndarywavelengths as long as the nature of tht;: dis- 

torted scsle is known. He determined that for 200 of the 238 Schott glasses in 

existence at that the, one dis torted  scsle, derived from the distorted acalos 

which best describe glass types SF?, SP18, S F l l ,  and SF58, was suf fieien: t o  

dcocribe their deviat ion functions over the wavelength region extending fro% 

360m to 760nn, to within an accuracy of 1 x lo-'. In Order to  describe the de- 

viat ion functions for the other 38 glass types to the desired accuracy, it is 

necersary to  subdivide the region into two smaller regiom extending fron 360na 

to 480% and 480m to 760m and determine a representative d is torted scale for each 

region. To use the scsle to deterdike qnterrr~diate values o f - t h e  deviation dunction 

for a givt?n glass type values at tho, boundcry wzvetengtirs of each region must bc 



Thus knowledge of the refractive indice8 of a glass type a t  two (or three) 

wavelengths p l u s  knowledge of the distorted ecale, are required to determine 
- 

the deviation function of a glass at any other wavelength. In addition, the  

refractive indices at the basic wavelengths used to calculate Ex and Dx must be 

i n  order to calculate the remaining terms of the equation. R e  thus concludes 

that knowledge of the proper five index values for a given glass type ae wall 

as knowledge of the distortet? scale i s  sufficient information to allow the 

determination of intermediate index values. 

Sincc, -11 z r ,  "normal" glzsses can then be characterized by their deviation 

fuaction 5, one can hypothesize the behavior of a new glass by defining - a new 

6 .  Table 1 lists the incex values as a function of wavelength for an existing 

glass type, BaF7 (Column l ) ,  the index values for a glass type designated 'JARS 

hased on BaF7 but derived assuming a differeat deviation functim, (Column 2) and 

rile d i f f  ecence i n  the decimal place between the tvc values (Column 3) . Tabla 

2 lists t%e same data for existing glass type BaK5 and hypothetical gram cgpa 

V M 1 .  Figure 11-1 deptcts the data of Calm 3 graphically. 

Finally the intensity distribution observed i a  several image planes for eke stah- 

cinrd iast  photographic projection cbjective 8103 (Figure XI-2) wklctr haia tncr 

fourth elawent mads cf BaF7 %lass and the second of BsKS glaes $a eomp6red w$th 

that sbi lcr~ad for t h e  variation of t h t s  design which s;rblatfbufd% V A a  YlUilJ1, 

f o r  those glasszs. 

. - 

O:IC i s  able t o  dfstingu%sh improvements in the chromatic image quality or tt;o 

variad.system over thiit sf zhe standard system. Tt slrould also be racognized 

that  the  same type of effect can be accomplished by small variations of the de- - i 

- -- 
v i a t i c n  functicns af several l e n s e s  as by greater changes in  only a few lenses, 

mi .. --. 4-32 
. . 

. .-  

- L ;"I -- ..<; 
- - ... :2;*, 
q -- fl K, 



On the other haad, the use a£ a few lenses exhibiting great changes may -3 
Ir 

enable the elimination of one eleme~t from the design. It can thus be con- 

cluded that glasses showing partial dispersion characteristics similar to these 

hypothetical variations may be 'riSefu1 t o  the optical designer. 





CtGUHE PI-2 

PHOTOG9-$Y#IC OBJECTIVE CONSIDERED IN COMPUTATIONS 



I N D E X  VALUES FOEi BaF7 AND A DESIRE. VARIATION VAR 5 

Index Index L Index x10 5 

BaF7 VAR 5 BaF7 - VAR 5 -- - -.-.- 
i - 3 3 4 



TABLE 11-2 

INDEX VALUES FOR BaKS AND A DESIRZD VARIATION VAR 11 

Index RaKS 
Index 

x10 
5 

Bafi - VAR 11 

Xnm 
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1. Refractive Index, n, 

The refract ive  index of a material may be defined as the rat io  of 

l i ght  ve loc i ty  i n  a vacuum to the l ight  ve loc i ty  i n  the material, 

and is commonly denoted by the l e t t e r  c, Since the refractive 

ind,ex i s  a function of wavelength, i t s  denotation commonly includes 

a subscript i whic% designates the a s s ~ c i a t e d  wavelength. Often 

t h i s  subscript Ls a l e t t e r  whLch represents a spectrum l ine of 

known wavelength and thus s p e c i f i e s  the wavelength only i n  an in- 

d irect  sense. Some subscripts commonly used i n  t h i s  manner are 

l isred below: 



2. -. Dispersion 

The variation i n  index with  waveltngth i s  cal led  d i spe r s ion ,  IL 

i s  o f t e n  denoted as A n = -n whera A 1  ar.d A2 are t h e  wave- "XI A2 

l eng ths  for which the dispersion is given. 

3 ,  R e l a t i v e  Dispersion - 
Relative pa r ' i i a l  d i s p e r s i o n  expresses  the "spread" of ' id0 wave- 

Lengths of  l i g h t  as a f r a c t i o n  of  t h e  amount t h a t  l i g h t  oE a 

median wavelength m is  her.,. It is determined from t h e  q;:antity 

An/ (ii,- 1) . 

4 .  Reciprocal  Relative Dispersion,  Atbe Value - 
~ec iproca l  Relat ive Dispersion r e p r e s e n t s  the j.nverse of Re la t ive  

Dispersion and i.s denoted by the symbol v .  me:: r. n = n - n and 
F C 

n = nd i t  i s  comonly  carted a materialts ASbr? xlaXua,i, m d' 

5 .  Relative P a r t i a l  Dispersion 

The r e l a t i v e  p a r t i a l  d i s p e r s i o n  fo r  the wavelcngths x and y Fa 

co;mnanly given by t h e  equat ion 

* 
P i s  defined as the P r e l a t i v e  p a r t i a l  d i s p e r s i o n  where y 

F, Y 

r ep re sen t s  a ~avelength of  1.01j.i. P** is def ined as t h e  P 
F#Y 

r z l a t i v e  p~rtlal d i spe r s ion  where y represents a wavelength of 
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7 .  ?*!i<~-i.dLoilsl Places - --- 

Tie ~ i s n e  t k rc .~g?  ZT opLisa1 ~;-zt2=; cvl~t~rLnii?g the r\ptical axis 

aad the ~ 5 j ~ c t  ?sic: 5s  tern-ed tke neridionai plan2 for that 

o b j e c t  po5r.t. p1ar.e is indicated in Figure G-L bj* cross 

hatchi32 frc.3 "northeast" tc "southwest". Rays in this p lan=  

are referred ~3 as rzeridional fays,  

8 .  Sasi t ta l  Planes 

A plane t h r ~ ~ g f i  :fie cbject point and perpendicular to the meridional 

plane is c a l l e d  ?he szgittaf plane. It is indicated in Figure C-1 

by cross hatching f z o ~  "nortkdest" to "soittheast". 23ys i r t  t h i s  

?lz.e Ere reEerr22 t~ as szgittai rays. 

9 \-..- .,,: .erical .\?ert~re. S .A, 

- 7 y5e ==errca~ z ~ e r t a r e  of z systea is defined as :he ?reduct of 

the value sf t3e xsfxactive index  of the mediun in vhich :he image 

1 ' ~ l e s  tZr.sr the sine of tile haff angle of tbe ccne of illumination, 

L t  is ccr -~os ly  Zenotei  by the abbreviation, K.A. 

C - ~ F c a l  Sjys t2.7: Ai-:?-rrations lo. 

syscel?: is s a i d  to cx?:ibit aberrations iE, after passinx through 

the tysterr., rays originating trorr, a poirtt in the object arc not  

rccombir,cc! zt 2 p o i n t  i n  tilt inage, 





11. -- Lczgttudinal Chrozztlc Aberratien 

L m g i t u d ~ n z l  Chro~rltic A k r r a t i o n  refers to the v a i i a t i - o ~  of 

focus (cr l r ~ z g e  posit ionj  w i t h  savelength. 

Lateral Ckczztic Aberration refers to the variation cf napL- 

Achro=at%zz:ior- refers to the correction of the Chrmatic Aber- 

rztio~ of a syste3 a t  two ~avelengt'ns,  

7 i. 
L- . Zecrn?ar\- Szzc t r u z  

Secondzry S p c t r u a  refers to the res idual  chrcmatic ;.-erration 

exhibtted by an achrosztic s y s t m  at  wzvelsngths other thaa those 

for which the s ~ r r s c t i o r .  was e v a l ~ z t c d ,  

assc;~ro:st reEers to a system which is corrected for Chromatic 

Aberrat ion at three wavelengths. 

S p l ~ c r i c c l  Aberration is defittct!  as tire ~ a r ~ a t i o r z  of factis with 

apercure, gays passing thr-oug!; the? s:;stcm ciosc to t l~c optical 



i 

axis are inaged st a dif ferent  point  than these which pass  throug?~ 

tke system at 3 grezter distance from the optical axis, 

17, Zonal Sphericai Gerraticn 

Zonal Spherical Aberration refere to the residual sphericai aber- 

ration exhibited by a syat- which has been corrected for spherical 

aberration at selectea zones, 

18, Sphercrchromatism 

Spherochro=atir;m refer8 to  the variation og iphcrlcal aberration 

w i t h  vaveleagt5. 

C 0 7 2  15 * 

Coma refers t o  En optical aberration which may he described as a 

vsriatf on of nagnif icat?.o;l with apertirre, Rays passing through 

the margin of a lens exhibit a different atagnification than central 

rays, 

26. Aspher ic Surface 

An aspheric surface represents a nonspherical, surface which exhibits 

rotational syrar.etry about the lens axis, To the designer, each 

term iri i h e  polynonial, which describes the departure of an asphcre 

from the  c loses t  f i t t ing  s~here,  is an additional dcgrec of freedom 

available Tar the correction of abwrations, Conic scc t ions such 

2s parabolas, cllipses, and hyperbolas are com.cnly used. 



. 21. , CAW - 
i" is a figur2 of merit which describes the expected optical pat11 

variations xhich would be introduced by a refractive macerial 

whfch was subjected to temperature changes. For a material of 

refractive intiex, n, and thermal expansion c o e f f i s i e n t , ~ ,  it may 

be cmputed from the relation 

= d n / d t  + a ( n - 1 )  

22. C a t a d i ~ p t r i c  System 

. . 
A c a t s  optric optical system is one which u t i l i z e s  both reflective 

(mirror) and refractive (lens) components, 

23. Fresnei Losses - - 
Fresnel Losses refer tc the decrease in transmitted energy of a 

systea due to reflections at bcundaries. For fight normally in- 

cident on the boundary wh:',ch separates two media ~f indices  n and 

1 
n respectively, the fraction of incident l ight  which is refracted 

is given by the following reiation- 

X.G.V . is an abbreviation used t o  denote the Extreme Ultraviolet 

region of t h e  Electromagnetic Spectrum vhich is generally taken as 



5 .  V.G.V. 

V.U.V.  is an abbreviation used to decote t he  vacuun ultraviolet 

region of the Electrmragnetfc Speztrum vbich is generally taken 

as extending from 16504 to the K.U.V. 

IRG Is a code name pref5x used to designate several infrared 

trans~itting materials currently mznufactured by Schott. 

27. AP. - 
AR is an abbreviation used t o  denote ant5rzflcctioc coatings. 

a e y  are comnozly used to reduce frescel losses at I c ~ s  srrrfaccs. 

28. C . R . T .  

( ~ . R , T .  is a3 abbreviation used to denote a cat1:ode say tub-.  

These are commonly used to convert electrical s i g n a l s  t o  optical 

displays. 



APFrnLY I1 

IilWCTIOK ,413,TZNG - POWER En&L'I:I@EN!P C m - n O N S  

By making certain assmptions ant) 5y deeming sane factors as insignificant, the 

pcrver requirements to  indilction heat 0.5 inch diameter spheres of four materiala 

( 9 6  18*05 - 10s CaO; 85$ Nb205 - 1.58 C ~ C J ;  &I$ q 0 3  - 2O$ Si02; a d  lX$ h203) 

to 2 0  C above their melting poi~t, from a pr=heattemperature of 2000F, can be 

calculated. Tbble 11-1 lists the ~ssumptions sii3 g i v e s  the results of theae 

c a l c - i t i o n s  both w i t h  and without the w e  of a reflector.  flnble 11-2 shows a 

wmple calculation for one mraterial and the equations used to arrive at  the results. 

The power requireloents for the preheating t . ~  200@ 8 ~ t . e  not includzd i n  theae results, 

but, can be consictel-ed to be s e l l  fn canparison to that required, Zargely to aercomc 

radiation iosses, at the higher temperatures. -Be calculations must be yecognized 

as approxhzations for the follawhg reasons: 

(1) &at loss by conduci;ion and corvectfoc are not inclucZed. %his loss 

I s  dependent upon the t h e m 1  conCiictivity of the etmosphere, velocity 

of the atmosphere, end a relative size factor. However, these losses 

may be considered t r i v i a l .  

(2) The exact melting point and ernis&-vity at elevated temperatures hss 

not bee3 measured and are given as best esthates- 

(3 )  The emissivity and specific heat are nct constant over the temperature 

range of iaterest. 

(4) T;ie values for  specinen size, the efficienty of the reflector, the t o t a l  

time to heat, the swotinding tenpersture, the co i l  efficiency and the 

power supply efficienty, are acs& values baaed on reasonable conditions. 

It ?s diff1cuI.t to  estLnrate an error of cslculstims for these restxits. Oue might 

fske the "worst" cmc!ition for esch of the varfsSles and recalculate the power 



requireme~ts. Realistically, narcver, it; is not pro3able that a l l  mriehLes ~613- 

reach this extrene. Some variables may even have more favorable vall-es and some 

can be controlled i n  the experiment. What the results do show, as they are pre- 

sznted, is the magnitude of .tLe power requirements f@r inductim heating of these 

candidate materials; that. they are not Inconceiv8:ble for arl experiment of th i s  t-y-pe 

and are as a mtter of fact, welt within reas~nablc expectetions; and what fcctors 

do effect the requirements and should be hvestiwted further if greater accuracy 

of t h e  calculations is required. 



Table 11-1 -- Calculsted T m r  Requirements to Induction Kest 0.5-Inch Spheres 
of Four - Materials to 2 W  above their Melting Point 

Mater is1 
Conditions 9~ W/O ~a o - 85 w/o 1yb 0 80 w/o ~l 0 - 100 w/o * 1.5 W/O 5- 20 w/o ~ 1 6 ~ 3  o 10 w/o Cao 3 

Ap?roximate Melting point ( C) m 5  ~540 192~ 2210 

Superheat Temperattqre ( % ) 2075 1740 2l20 2410 

Specific heat (of p w e  oxide) 0.11 
(~!Pu/lb OP) 

Heat of fusion ( B T U / ~ ~ .  ) 131.1 

Heat of transformatim 

Bst. Zhissivity at MP 

No trans. No trans. No trans. FSa trans. -. 

T o t a l  time to heat (hr) -25 -25 -25 -25 

Surrounding temp (OK) 5 0  500 5oc 500 

Coil eff f ciency (assumed) .2 

Poser supply efficie:>cy (assumed) .6 

P1 (watts)  

P2 (uatts) 

Pg (watts)  

PT (1002) 

Results (~ncludinp, p e r  supply efe) 

pT (without reflector) (m)  3-8 2.0 4.0 6 ~ 3  
PT (with reflector of 65$ efi) (w' 1.1 . t i  1.1 1.7 
NOTES: (1) Hea% lose by conduction B convectlon are not included bacaurre it rhould be eIg 

ii : ficant fos these high temperature materhh3. 
(2) The calculet ions are for ixidu/~ti~a .?eating only, tmn the pmh-t temperature 

2 W a F  to 2W2 above the melting poi.gt. Preheat power r e q u i ~ n t a  are nut 
i~c luded.  



T s b l e  11-2 - Sample Calculation for Induction Melting of 
80 AL,O, - 20 w/o Si09 

Size: 0.50 inch diameter 

Melting point : i920°c ( 3 4 8 ~ ~ ~ )  

n ~ .  T-. : 2m@c ( 3 t W ~ )  LTZ] 239% 

Preheat Temp . : 2 0 0 0 O ~  

spaclflc h a t :  0.3 BTU/~~OF (of pure ox;de) [ C) 

fiat of Fusion: 45.9 caliprara (83.6 B I I I / ~ ~ !  

T h e m 1  em2ssivity (est . ):  0.5 [ E] 

Tutal t ime  to heat: -25 hr Ltr7 
lo. Surrounding temp. : 500 K [ T ~ ]  

11. Coil efficiency: 0.2 

Other Definit!.ons - - 

T = temperature rise, &F 

= heat of Paion, BTU/lb. 

t c  = time to achieve temperature rise, hr .  

f = time to eqend heat of fusion, hr. 

t~ = total time to  heat, hr. 

E = effective emissivity e 

4 1 = emissivity of the melt 

4 2 = emissivity of a spherical, specular refk ctor surrounding the spherical m e l t  

P1 
= Req. pwer Lo be supplied t o  the load = M (E + Ik). watts 

pEil! tc  tf 

p2 = radizited power l o i s  = - T 2 r  - (5 - 1, watts 
loo0 1000 



Other Definitions ( ~ o n t  'd) 

P3 = Power 10:;s i n  the coil = ( P ~  + P ~ )  ( 1 -1); watts 

eff 

P~ = Total power = P1 + P + P watts 
2 3' 

A = Surface c e a  of the work, cm 2 - 
Assume that heat input is done st a constant rate of BW's so that total time 

(tT) consists of  e ratio of: 

+ = t, + tf where tf = 

Calculations 

I. tT = t, + tf 

t, = .25 - .03 = .22 hr. 

= 12.8 watts  



- 1%3 m t t s  

= P  + P 2 + P  
P~ 1 3 

= 13 + 473 + 1943 

= 2429 watts = 2.4 KW 

I1 Assume 0.6 induction unit efficiency 

111 Assume spherical reflector where 85% of radiated power is reflccte,' back into wit 

where E = 1 6 = Etc'.asivity o: m e l t  
+ I/(*-1 1 

1/ 41 
CZ! 

= &issivity cf refhctor 

and at .6 paer efficiency 

6 = LT 33 watts or  1.1 kil-tts 
0,-6 

' i .  C - 
. *  
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